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ctronic instrum
37 ,01 alactrods havsa

\

-, Ernest Yeager

cxyoen elactrods have baan

cathodic poicrization

been Iaterminsd by the

entcasion. The ehar-
2 besn outeinad s a

function of' the typs of carben curfzcs; tha nature of the
. slectrolyte, ionie strength, pH, peroxide soncentration,
temperature, oxygen presaure, current Zsasity, time, and
catalystz fneluded witn the carbon. “m the basis of thsse
mes surerients,; the following conclusicnr have tesn raached

concerning the oxygren

b

2.

4=
|

slsctrode in a2lks

2#1line solution:

The oxygen elsctrode with carbon proecssads according

de 1
to ths nmns

a) Uz(gas;

B} 286 +

¢) HOz

LU opparent current

the cathodlc polarizetlion op
of concsenitratiimn
wiromide 3on ecncentration at the electrode surface, and

heni sm

———» Ogf(adeorbed;

0z (adsorbed) + Hp0 -— HO; + 04
.’. -

| — HO % 1/2 0,

4 Qi Tuslon

| — aleciirolytic transport.

\

P"1 ot e

)
pe

.,

ns
aar

siiles as high ss 560 ma./em%,
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o primariiy the result

lerizacion involving &) the buil‘«up of
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alactrichamical reactin
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3. The alzctrochemical sia }
itlea greatsr than 100 wa./cm?

aven at appsrent current dens
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L, The use of a water-vroofing component in the carbon
electrodcs 18 necessary to prevent the solution from filling
the pores and capillaries In the carbon. Transfer of oxygen
to the effective sitsz for the elcctrochsmical step (b) can-
not take place affectively throughh solution-filled porec,
The tranafer process probably involves tha surface mobillty
ageribed often to physically adacrvod apezles as well as

e W~

gasaous difrfusion.

5. The concentraticn polarization can te greatiy de-
¢rsased throuch the iIngraass of the oxygan preasure and the
incluaios of peroxide dsscmpoeing cetalysts in the carbon or
the electrolytic soclution.

6. The slactrochemiscal raduction of the perhydroxide iwn
does not take place to eny spproslabls extent with any com-
binaticn of partieuxar types of carbona and catalysts exanined

ag of date. The electrochemical formation of ths Hog ion 1s
charactsrized by a low energy of activation because the oxygen-
Oxygeinn cond 1a not broken. This is not true of the further
reduoction of HO;, howavsr.

7. Carbon slectrodes dsteriorate more rapidiy at current
donalities above 50O ms../cm3 in godium hydroxide than potassium
hydroxide unlsess psroxlde decomposing catalvats are insinded
in the carbori. The formstion of scdium peroxide in the pores
of the carbon is n»3lileved to bs responsible r¢r this diffsr-

ence in psrformancs in the two alsctrolivtes.

8. The oxygen cathods 18 capable of operating on pura
oxygen gas (1 atm.] at curreat densities in exceass of 1§
ma./cm® for weews at a time wlth polarization less than
0.1Z wolts.

This rcport #iso contains a briaf survey of the
itspature relating to the oxygen &iestrcds. In additien,
ne soncentration polarization at an oxyzen elsactrede has

i
t on
been considered theoretically, The mathemstical rasulis com-

pare favoraviy with the experimontally determined polarization

data.
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In Technilcal Report No. 2 the results of prz-
iiminery measurements with the oxygen electrode
ware described. Sinco tue preparation of this
eariier report in 1953, the investigation of the
oxygen electrode has orocceded considerably furths:x,
and the cxygen slectrods is now more fully under-
steood with respect to ita performance in alkaline
solutions. This more recent work is described in
the presant report.

Much of this repcrt 1s tased on the theses
submitted by two of the authors (R. R. Witherspoon
end E. B. Urpach) in partial fulfiliment of the ra-
quirements for the Ph.D, degree in the Tepartment

of Chemistry at Vesterr Reserve Unlvsrsity.
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Part 1. Previous Work on the Cxygsn Electrode

and Related Systems
The litersture survey which fcllows w11l bo

considoared under the topics of therrcdynamics, statlc

behavior, snd dynamic behavicr.

A. Thamodynamlic Consideras..

Theoretically any system of insrt conductor end

slectrolyle may be considsred an uxjgen slectpode if
molecular oxygon 1s directly or indlree

the electrochemical process ocouring at

tiy involved in

Y%

A

electrolyte interface. Therelors, = prersjulsite of any

study in this field is a knowledige <f ths precise

| .
I 2 %
| chomicel resctions and thke thoerstizal potentiels ass

ated with oxypgen.

oxygen system have been graphically
: 1

K : o
ips fvom the toial elactrochemical

hoan 4t 1s in basic solution.

ey

£01d greater in =ao

The r'ree energy oxldetion stciz reletionsiiips of the

v illustrated in Figures
1 and 2 from the tabulation of Latimer.”  0f note is the

) fact that ths theoreticslly avall:hic fres energy result-

raduection 13 thres-

Irentice Hall Cc.,, New York, 19052, p. 50,

Bt T T,
2 eewsr PRATREG S TEXN SETPLRIE WK

T oD s
i
-~

“W.M. Latimer,"The Oxidation States of the Elements
and their Potentials in Aquecus Svlutions,’ Second Edition,

ERR LTSy
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Free Energy - Oxldation State Relstionships of
the Oxygen Syatem in Acid Sojution at 25° C
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2 3 )
reduction state

Frae Energy-Oxidation Siate Relatlonships
of the Oxygen 3ystem in Basic Solution at 25° €.
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In practisze, mtiplo electren Lrausfor

]

gencrally occur in 4 serfsg of staps oecruse of the
large activaiinn enerpy required %o go from one state
to znother., Of all the possible modes of reaction
origineting with relatively atehle welecules or ions;
2,3
the iiterature indicates only %tve nppear %o have
sufficient veloeclity o warrant thcir study as possibls
scurcens of slectrochemical cnergy and as roversirle
elecirodes. Thess are
1) 2e + 2H + Hg0, —= B2HO,
1.e., peroxide reduction ©o water in acid media and

2) 28 4+ H0 + 0 ——»  HOL + OH
l1e8., 0Xygon rsductlon to peroxide in basic media.

The rsaction Involving the fcrmation ~¢ superoxides
is alsec fast, In view of thc r»pid conversion of
superoxides to peroxides in the presence ¢f water, Liis
overall process is cguivalent to reecticw (2), which will
e the primexry concerm of this rsport.

Considerable evidence, to be pressnted later, in-
dicates tkat the reduction of oxygen to percxide can
occur under relatively reversible conditions in

alkaline soluticn.

2

Yeager, Witherspoon, Urbach, and Hovorka, Technicsl
Report No.2, Office of Naval Research. Contyract No. N onr
881 (00) Project No. NR 354-277 (185%2).

Welsz and Jaffe, Trans. Electrochem. Soc., 93,
848 l

Pl Y

L

128 o
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Lowis wnd Bandall®cslenlatod ¢he stenderd e.m.f. of
the oxygen-pcroxids coupls in baslc soiution as 101Lows

3) 28 + HgO + Og —— HOZ + OH ; Bpod. = 0.074 v.
where E respiwaents the standard potential of the oxygen=

sroxide counle at unit activity oi vase mnd peroxide.

The potentlal of the hydrogen puroxide Soupls at unit

(¢

activity of nydrogen ion 1s axpressed by the equation .
o+
4) 20 + 2H + Uy —= Helg ; Fpq. = 0.682 v, !

Thaaa thaoretinsl dats have served to esteblish

~

o
the empirizal validity of the measuremsnts of Bormenenn , !
whno had previously chtained s valuo of 0.65%.02 volts
with an oxygen-platinum electrode in acidic peroxide

solutiona. This value is in agreement with the Lewis

R RTCp—

and Rendell value of C€.6382 volts. W.G» Ber]..s6 extensive :
nmeavuremsnts with ozxygen activated carbon electrodes in '
hasic aslation yileldea the 2mplirical vslus -~0.042 volt

which must ke compared with the -0.074 volt calcuiated |
by Lawis and handell. The discrepancy between (lLis LF2

values {1290 caloxiesn) is small 1f one considers the

ascurasy of most theimal data end the fact that the

4Lei-ls and Randall, “Thermodynamics and the Free
Energy of Chemical Substances, McGraw Hill Co., New York,
1023, p. 475.

/
k. Bormezann, ‘Nernst Festachrift: Knapy. Halls,
1912, p. 118,

®\.G. Berl, Drans. Electrochem. Soc., 83; 2583 {1543).

.

2
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thecru44ical veiue 1eg a relatively small wvalus lsrdved

raic sum ol Iarge rmumbses. Furtheimere,
he empirical wvelue itself requires assumptions regardiing
the jurction potential and ths activity coefficlents of

the perhydroxide ions.

B. The Characteristics of the Statlic Oxyzen
Electrode

-

i. Peroxids and Hydrcocxide Ion Effects

The static potential of the oxyren electrode should
follow ths Wernst equation. This can be ascertained in
terms of the dependence of the potential on the oxygen
pressure and the sctivities of the hydroxide and per-
hydroxide lons. The appropriate reiatlionship criginates
from equation (3) which 1s associated with the cxygen-

percxids hall cell.i.e.

T~ 1§!?-/£;v'
8) E = £ n F

The %,u- and aﬁu‘mpmsent the activities of the
species in the ;ubscfipts end the pressure of oxygen is F% J
R is the gas conssant, F the faraday, T the absolute
temperature; and n the number o1 electrons. The data
of W.CG, Ber1® ars presented in Figure 3 snd substantiate
the preadictions or the Hermst squation which regquirecs a
linear dependencs of ihe potential on the logarithm of the
activities of the reaction ingredientu,

The electreda of Berl scnalsted of a porous praphits

cylinder which was sprayed with a thin coat cf activated

-~

.
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carbon in a toluene-sthancl solubtion of ethylcelliulose.

)

a e O e o= - cape
Tuming thé m3asUrsSnSnHU SRFaCL 240 wad supy to the

!

inside of the cylinder so that the oxygen bubbiss issgued

uniformly from ths 8xternal carbcu layer,

2. Oxygsn Pressure Effects

Unfortunately no reliable measuremsnts of OXygsn
preasurs versus potential relstionsiip exlst. The data
of Winslow7 were obtained in 2 N H,S0¢ with an zctive
carbon electrsds. Nco fixed amount of peroxide was addsd,
and no effort was made to meagure the peroride prcduced by
transients. The curva {Figure 4) vaguely resembles a
legerithmic piot. The break in the
curve at 745 mm. of Hg 1s the subject cf speculation by

+ha guthor but doss not warrant too serious consideration

until experiments with adequate peroxids contrcls yield

similay repreducible resuits. Rordesch and Hariincla
studied the potentiel changses produced in the cell

0g, carbon/eloctrolyte/Zn
with eir (oxygen pressurs 0.21 otm,) and subsequently
with & mixture of 99% nitrogen and 1% cxygen. They too

eppear to have neglected a peroride contirol, Their

measurements requlired hcurs for stabilization. They

7N.Ms Winslow, Trans. Electrochem. Scc., 92, 411
(194% ), —

Rordesch and ¥axrtinola, Monatsch., 84, 39
(1953 )« .
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% reporied = potentiul change of 0.033 woit in ¢ ¥ FoOH !
[
1 fer the 20-L21d variatlion in oxypmen pressure. This 1s \
-
: :
5 in agreement with tho &8 mv. calculated from ths Nermst 4
! ; equation. In solutions less alltaline, bowever, smaller -{
- f
! 3 = 7
( § chanzes in this potential indlcated a ioss sensitive {
a A
1
E response tc the changes In the cxygen partial pressure.
4 7
5 At pH below 9 in the acid range a 20-fold dlrfercucs in
f the oxypgen partial pressure produced a charyge of only
% 4 mv. or less iu the potentlal,
=
5 .
(] 3. Temperature Effects |
E In Filgure 5 are 1llustrated graphlcally the thermal
- . !
i (o] 1 1
. E behavior of the oxygen electrode. BEratzlsr ranorted 2 i
‘ ) d i
i z tomperature coefficte;t of 3 mv./°c in XKOH without a !
.
3 ’ . '
\ § peroxide cuntrol, |
\ % ) Tha tompsirature coerfficient of the oxygen electrods i
e |
}g‘ in 1 M XOUI was measured in the csall 1
3 ' |
- . 3
.g. Ogq, carbon/ 1 M KOH/2Zn |
: 8 i
%_ without a percxide control by Kordesch and iHartinola. [ 3
= yoe
E
L3 : By subtract the temperature cosfficlent of the |
.= P |
= -4 i
E zinc half cell they ob%ained a value of ~7.4 x 10  v./%., :
E
: |
(- i =i 1 N o
'8 4. Stetlc lessuremenis iith Metallic Electrodes i
E _ -
& Thus far the discusslon has been limited to oxygen |
- |
: B i
‘f electrodes constructed of carhon in some form as the inert \
1 ¢lectrode material. Theoretlcally any pessive conducting !
\ "
{
i' g - A -~ ™ L - - ~ 2 - ‘!
\k ¥. Bratzier, Z. Elektrochem., £4, 81 (19:0).
i
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material might act as &n oxygen elechrode. In
prectice ths degree of reproduciviliity cbtained with
retallic elactrodes has been disgsppointing. The
work of Bain'’ with the noble metals indicates that
greatest reproducibility is coitained only in basic
solutions whore valuss for the various metzls most
nearly cpproximate one another. The time period rge
guired for sttaimment of the limiting equilibriunm
values were of the order of weeks. Since thes:s valuas
weire sublect to the same experimental restrictions as
the duta of Win310W.7 relativaly litsle thermodynanmic
significanca may be sscribed Ho them.

Vlelsz and Jaffe” 4ested electredes of sintercd

1ivor and nickel usiag lmown concentrations of pers

W

oxide in KOH, The gilver showed 2 rosponse of 0,043
volt for a tonfold chenge in the rconcentration of the
peroxide while ths nlckel was insensitive and showed

ne chungs in potantial with chancing psroxide concans

et 24

{

tration. These valuss may be compared with the cai-
culated value of 0.030 volt and the experimenitcl vslus
of 0,034 volt obtained with an active carbon eledtrodeo
Dynanlic checks of the static wvesversible valuas
for metals at pH of 7 and 1 were obtained by Hickling
and Wilsonll from polarographic half wave pctentials.

In neutral solutions the theoretical value plus their

1lu
H.G. Bain, Trans. Electrochem. So¢,, 78, 183
{1540), =
] " ‘
."'T'—_—"_' e b - o7

i) o2 e
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i1
IR drop wau U.42 volt which compares with the obe-

—ne eume

served average of 0.4 veoit {opg platinum

-
(ot}

end graphite microelectrodes. In aci:i solntion the

cbserved uverags was 0.80 volt compared to the theoretical

values cf 0,79 volt. The most divergent valueg were

obtained with motals which were good peroxids catalysts.

This indicated a sensltilvity to the presencc of peroxide

by nickel and octher metnls net found by Welsz and Julfe.

C. The Dymalc Eiectrode

L. Anodic tehsvior

g, Oxldation of peroxide. --The ancdic cxldation

cf hydrocgen peroxlde on pla{inum, goid, ailc
graphite microelectrodes was studied by Hieckling and
Wilson11 in alkaline, neutral, ané scia soiution. The
currant efflclency was determined by measuring the
amounts of oxygen proiucad per quantitv of charge. Ths
corrsction for the catalytic dccomposition of the per-
oxide was nezlectsd. If thie error is not considered,
1% would appsar that at ail pH ranges, providing the
current denulty 1s net excesslive, peroxide is quanti.-

tatively reduced to an oxygen meolecule for iwo faradeys

b. Cencentraticn effscts. --Hickling and %Wilson

found that the half wave potentlal 1ncreases almost

11
Hickling and Wilisen, J . Electrochem. Soc.,
98, 425 (1951), i
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linsarly with the gH. Incroeasing poercxide increases

the half wave poientia

[
[
o}
£y
=

irregular fashion at all

o

p}‘i IENG3 with t

e

1> excseptlon of nizod placinum

micrcelectrodes in acid sgoiution,

2. Cathedic Behavior

a., GTaperimental and practical cell types

A
L i)

brief suemary of =o

- <A

mc ¢cells which havse appeared in the
iiverature 1s presented here with some msntion of

currcnt~voltage chwractsristics at the risk of later

vafore fomael current efficliency and polariza.

tion data srs discuss3sd. DMost of these data will be
ungatigfactory for guantltative rterpreizticns siace
t\h

18y ropressat the sun total of ancdle peolerizoticn,

Lo
-t ey LS

the eisctrodes and electrolyte as
as cathodic polarization.
12
Martir von Marum noted that Volta’s pile wes

riore energetic when placed in an oxygen atmosphere.
i3
Biot and Cuvier discovered gas adsorption by the pile

> Y Irng poclarization upon depistion of the
14

ohsarved that aeratsd water

1."
“M. ven Maram, Ann, Chim., 41, 77 (1801),
L i
Biot and Guvier, Ann. Chim., 39, 242 (1801).
14

R. Adle, Fhil. Maz.., 31, 350 (1247)

-
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The reknowned Crove ¢sll  was simply a

milnhiric acid solutior with platinum electrodes in

18 .
contact with hydrogen and oxygen. Leclanche obtalned

an improved output from his ranganese dioxlide celli by
exposing the upper part of tle MnOp carbon mix, only

particlly wetted by the olectrclyte, to the atmosphere.

17
L. Msicke™ (1873} attempted to fabricate a true air

rlacing the manganess dioxide with

plstinized carbon. This mix was exposed to ths atmosphere.

An improvement on tha Grove cell was effected by

IR

Mond end Langer” = by passing 8 mixbure of steam and

-~ am oY

oxygen, anud ateam and hydrogen respectively, over per-

forated platinum biack c¢oabed slectrsdes. Tabls
at

prezents polarization data of thsse and other worlicrsa.

19
Hofmann contrived a call of copper eiectrodes in
KCH employing carben monoxide as the anodic material

end oxvren &o the depoliarizer. The combined cell

15
W.R. Ggrove, Phili. MNag.,

16 2
G. Leclanche, Les mondes, 16, 532 (1868).

I1I, 14, 127 (1832).

y
as quoted in Prlmdry Batteries
Toma T2V nne mvond 37~ =k fa0en

L LT UV

-~ \
Viits WALLOY ang uuua, l‘OW A § 3

Soc. {Londonj, 46,

Mond and Iwnger, Pruc. Roy.
(o ]
7

dofmann, Ber,, El, 1526 {1918).
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nolarization was 0,72 volt at only C.B8 ma./bm;g

Oxygen slectrodes of porous and platinized porous
carbon versus zinc ancdes were ziudled by 5. v. Naray-
Szabc.20 Oxygan was blown vhrough ths center of the

electrods via the pores.

Lamb and Eldarzl versed & platinum clectrode in ] '
an acid solution of ferrous sulpnatie containing a 4
susp nsion Uf activs carbon. The potentiasl was that of
the ferrous-ferric system maintained in ths oxidized

zan. Currents of 21.95

fote
b |
Q
by
(&3

state by aerstion witii a

ma./bmae at 0.053 volt polarization were obtalined;

it the suggestion of E, Peur, J. Tobier

1o gmm—

conpressed active carbon gramulss, previously water-

proofed wish parariirn, into porous plugs through which

wers blown air or oxygen.

By employing an active carben me:brans of thin

smwesble materizl in nlkaline electrolyte {vs. the
en elsctrods), current densities of 20 to 30

M&ef5“£2 have besn obtained at rcum Teumpsrature and ;

E W e

106 me. /fem.? gt higher temperatures according to

Lsab snd Elder, J. Am. Chem. Soc., 53, 162 {1931).

i

i

J. Tobler, Z. Elekirochen., 39, 148 (1933). |
)

23 i
P. Spiridonow, Novcsti Techriki, 7, KRo. 2, 42

e S S e
{1932}, i
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Helse, 3chumacher, and Fiscler developed 2

commercial, activated carbon-zlitali ziuc cell whizch

operates successfuily at 7.2 ma./em.€ with 1it

2

ie polar-

ization,

The electrode o«f W.G. Berl has bcen discussed. lie <

obtained currsats of 180 ma. /bmoz for short periods with

little polarizaztion using oxygen.

Special combinztions of hsuvy metal catalysts on

porous carbon slcctrodes were employed by Kordecscl: and

= 25 .
r.arko to seci

o

o
- s eand. ® i m e e o . o, .
G .,.;..m....qu-a cuiresnts of 30 ma e,”‘v"} s U31NG

only air. %he reproducitility of

o e an——

their cell w.s applied

to the determination of oxygmen in pases with a sensitivity

a o sem
wd Wa VLS.

‘ ... 20
b. eduction of oxymen t¢ peroxide, —-=Trai:bo

has shown that 2t noble m=tal elactrodes im 4il

ute acid

soluticn oxygnn is reduced to hydrogen peroxide with a

3 P il
current efficisncy of 100L. but that sinultaneous

cotalytic docomposition reduces the actual yield,

The process of cathodic production ol H. 0. devised
. 27 " s
by k. Berl®’ yas clulmed to produce dilut¢ perc.ide in

alkeline solutlon at current efficiencies <r betie

r than

Ee)
“*Helse, Uchumacher, and Fischer,
Sec., 92, 173 (1047} |

o 4-

Trans. lilsctrocihem.

=

- 2 l !

——

“Marko and Kordesch Osterr, Chem. 4., b2, 125 l.
{1061 )
(1-.\/;. Je &
2¢ "
%. Traube, Ler., 1b, 2434 (loe2). e
o, A
. Berl, iranr9g, tlectrochen., voe., 28, o0f i
—‘\.9 g!‘¢ o 'I
o
|
P O
_._.__.-a-h-—<-r’#'
e e e e 2 =
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507%. He stated that ylelds 4in ccid solution were noor.

e, ,Berl6 reportod that current efficlencioes of
100% wore ubiained with an activated carbon sufface
gsprayed on a ponrous gr.phite base for current dencitiles
up to 4580 m&./bm.z in alkalinc solution. This result
contruasts favorably wit!. an oxtramsly low efficisncy he
obtained with graphite alone. The effoct of the peroxide
concentration, vil, pressure, and rate of oxypgcn flow on
current efficliency data were not determined.

Suech data have bocen praesented in a qualitative fashion

128 in the cuse of one metal. Formation of

hydrorsen peroxide by aluminum eleciirodes deflnitcly appears
Lo ve a cathodlc process. Two aeraticd slectrodes of
sluminu., corroding under static conditions, may produce
approximately equivalent umounts cof peroxide, but with ths
zpplication of increesin- potentials, peroxide formation is
accelerated at the cathode and depressed ot the anode.

The relative effects ol pli are indicated in the results
from aerated aluminum elzctrodes. 1In 1 and 2.2 N

LioSCe, 80 "CL, and Kg80; peroxide was detectcd in larpe
amounts, wherees in 1 arnd C.1 W ROI, peroxlide was not
detcected, Witu b9 KiiGs only a fulnt trace rosulted.

ihe rate ol production of percxlide falls ofi with

8 2 ~
J«R. Churchiii, Trans. lilectrochem. Soc., 7§
s41  (19390).
. s ;
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increasing peroxide according to Churchill, it s
known: tiat the rate of decompositicn i3 first order

i rarcxida and th

»

raduoed sverage psroxide preoduction
18 probably indicative cf a deccmposition rate approache
irnz the production rate. In this connection, Vielsz and

affes obtained a logarithmic curve which flattens

€4

asymtotically to a maxlirmum peroxide concentraticon with time
at a given current density.

In all cases, Churthill observed that an sxcess
wag casential tc the peneration of peroxids.
This was axplained by the elevtrocismical reduction of
peroxide 2% the cathode.

Welsz and Jaffe passed a current of 0.0l amp . fom.”
through a cell containing a lmown naroxide concentration
wlth graphite and msrcury catheles while permiiting an

ldentical rell to remai) ztalic a2z 2 contprol. After s

ld
g
[«]
-
T
@
/. ]
ctr
o}
¢
[¢)
3
g
-
%
?
3
b
o
o]
[
-
g
N
@
[o)

measured amount of
for peroxide. Though uo sleciircchnsnilcal roauction
occurrcd in sumolal NaGH, in saturated NH,Cl a consider-
sble amount i/as elasctruchemically reduced. Thsy noted
that when serstisn was simultaneously permitted to occur
no percside was electruchemically reducsd. This indicatec
that, cxygen competes more successfully for siectrons tkhen

peroxids, Thus the rescticn

Barb, Baxendsle. George, and Margrave, Trans.
Far. Soec., 47, 473 {1951},

) e emmert
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6) 20 + Oy + U~ Hgl,

much fastcer t:.an tho rcaction

[y
I

7) 26 + HgOg + 2HY ——e 2140,

¢. pll and cation concentration effects.-~The

results of St. V. Haray»Szabogocontain thc IX drop
within the solution, and no attsmpt was made tc con-
trol or ascertain the concentratior of perhiydro::ide
icen. This investiputor furnished qualiitative data
(Figure €} orn the bunuvicr of polarization curves in
solutions of vurylng pll. Iis cell wes constructed of
a porous plutinized carbon cathede and a zinc anode

with a mercurcus sulphate or mercurous chloride refersnce
electrode depending on the electroiytes. These were highe-
ly conducting soluticas of 2 W EpSO,, 279 NIL,Cl, and 15%
NaCH at pli values oi G, 3.4, and 14 rospsctively.

de. Cotalyticnlly sctivated carbon elsctrodes.--

lFolarization data for carbons activuted by varicus
vrocesses are usually subject te the fuults previously
mentioned since they include IR drop and anodic polari-
ion. In addition the mewsurements were generally
wade without adequaic control eof poroxide concentration,
und often.thout control cf saits derived from the
solution o an active metal anode.

Pi~ure 7 presents a comparison of catalyzed carbvons
9

t2]

used by K. Br

n\
ot
D

.- . t = e ) .
liost Interasting uare the “carbone? and siiver aciivated
cuarbons, [For a compurison of platinlzed carbon and non-

S

activated curbons sce Fipure G.

© N g
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G@uitve often the cathodic matoerial 1z activated

- ——— o

with a metzal which (far irom being passive) dissclves

in the eluctrolyte. This nes been the cas: with nicited

and conper catalysts in z2trons oslkalles so that it is

—————

quite possible that the cetalytic action occurs in the :

VT I~
L 1GUaR

Catalysts ure usually derived from elements of varlable Va .

valence. Lxamples sre the pyrophosphate ion described by

o . e 4 .
Lamb and klder,™™ the cuprate ilon by weisz and Jaffe,” |
2z i

and iron in acid solutions vi th traces of copper,®

]

e, Metalllc oxyren electrodes. =--Tiis metals tasted !
[21»] )

by Tckicr = were iron, niekael, chromium, nickelin,

W -

constantan, manranin, sliver, and ccopper in the fom of
{ina wool mesh through which wus btubbled oxypen ~as. In

'3 2

- genseral the passive metals were such poor elscircuacs i

actlon wuas due to thc oxygen or the stirring offect of the

geo buvbies. Copprer and the transition metals could not

be prevented from dissolving in the strong alkali,

Steel and silvered copper pguve optinmum results.

N 2
licfmann®s™" copper- copper oxide slectrode in

H

. 2
curbon monoxide cell delivered only 0.6 ma./cn.

Il. hnobolsl rnuade the suggestion that porous

30. .
tere o Holthoff and Parry, J. Am, Chem, Soc., 73, 3718 3
{1851 j. - !
S1 ;
li, Knobel, Ind. Enr. Chem,, 17, €26 {1925},
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carbor cleectroics Lo electroplated with wvariou

]

to eontprol bths Zwurvelhnee, The a.pliceticon ¢f this 1lden
to practicai doprlavization problems hiis heen zli~ht.
netals heve [ound cuployuent 1n his:: temperabure

ivel cells with verylne dermpees 07 Success, Iion coabed

witi. the oxideg, silver znd molten silvesr, leud, nickel
i 4 ’ b ]

ané the platinum metuls exnibiled beilber perlomn:née than
would ke oxpecisd In sagusous solution at room temperzhurae

. ~
but the curr:nts were still only 18 to 20 nia./en.© with
considereii s Dolavizaticn In most instsnces.

. @ 9
re Temperaturc erffeets. -<K. DBrotzloes’s polari-

zation curves of temperature dependence were nmade v ituoub
a peroxide or metuliic ion control (see lipure 7). tlc
t
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higho

1~

iub the peroxldée concentrotion

at’ the clccetrods is decrersed Ly high temperaturs induced
18 34

decomposition. A temperature cociticient of 3 mv./ C v s

Lo

F=

obtained in the vrnre of 12 ho 75C at & ma./em.”-
sortinoin’ h.ve studied the eflects of
temperaturce cn dynsnic cxypen.carbon cathodes in 1 H

KOTi soluiiors frem 12 to 5u° and =t & current of 5 na./

[¢]

em:". The teaspc.oature ¢osifleiont w8 found to be G.L

mVu/oCa Like Brutzler thcese woriier

L%

fatled to enpley a

perovids control.
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Part II. EXPERYMENTAL PROCLDURLS 'Ok TIIE

)

STUDY OF TEL OXYGLEN LLECTRCID

A. Uethods

Py methods for obtaining information alhiout the

electrode poiarization are dlscussed below.

1. Static Msssurcucats
0f prime necessity is a knowladge of the overall

] a

chemical reaction responsible for the eisctrochemiceal
1

The static measurenents of #Wi.G. Berl wers

energy.
undertaiten to exploit the predictiens of the Nernst
equcrtion for the assumed half cell reaction. T
the expected slope ¢f the eem.f. versus the s

of the participants cf the reacticn was obtained and
suh:stantiated the thoory that oxygsn 1s
with the perhydroxide ion ai the oxyzen elecirode.

113 technique was extended to the study of electrodes

of activated cerbon catalyzed with heavy metala.

2. Polarization versus Current, Density

Expserimentally detormined relat:ionships betweer:
current density end overvoltage may bs used to verify
the theoreticel deductions concerning the mechanism

o
of the process in the manner of Tafel™ et al,

1l -
W.G. Berl, Trans. Llectrochem. Soc., 83, 283
(1943). m
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These prelationships include the ndditional

ahles of Lemperature, and concentration of the
3y F)

€

3. Current Efficiencic
Current efficiency data yield additional inform-

ation on the mnin electrochemical resction and reveal

<t
feb
[
es

v- o~
1Urn.

(&)

sh Information on the specific decomposi-
tion rates of peroxide under various conditions.

4, Tracsy Techniquos
10

o

Tracer technigues involving the use of O
have been employed by Taubes'4 and his students to
obtain information conecerming vhe mechianisms invelved
in catalytic and photachemical decompositicn of
hydrogsn peroxide. The lmpilcations of this work

..

will ve discussed latar.

B. The MNeasuprement of Polarization

1, Instrumentation
The indirect or cammutatsr tcehnique has heen
uszd for measurlinpg the polarlzation in the present

resaarch. With this teehnigue. the polarizing

J. Tafel; L. Fnjs:s Chem., 92, €41 (1905).

“Cehill and Taube, J. Am. Chsm. Soc., 74, 2312
{1851).
4

Hunt and Taube, ibid., 5999.

Protoadl —riyey

reusence ¢f possible side reactions. Morgover, p
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thirough the electrede is periodlicall

ot
2

interrupiei [2r short periods durlng wihich the po-
vential of the polarized electrcde is measured rsla

tive to a .ele¢rence electrods. If the potential

including the IR drop assoclated with the current.
Wiith adegquate appsratus the indirect method also
permits quantitative Informmstion to be cbtained
concerning the rate of build-up as well as decay of
the polarizetion, In the puast, many workers have

ohjected to this method on the basls that the polariz-

N

the potantisal

[.J

electronic instrumentation, the potential
measurements can be made within a period of the

=
0 S r ~ o
order of 10 gec. following the interruption of the

nolarizing corrent. Tha armount of decay that cceurs

5, . .
. Schuldiner and D. White, J. Elsctrochem.
Sce., 97, 423 (1956 0) D, *aicnpc I6s, E. Yeegsr, and

F. Hovdrka, ibid., 53, 68 (1851).

_ leel Rsport No. 6, u;trasoﬁln Qasear-p
Laboratery, liestern Neserve University, f{april, 1951)
Contract Yo. N7 onr 47002, Project No. NR U511 182
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within one microsec. 15 probably ncgligible toi
21l cases with the possible exception of metal
eloactrodes wanich acguire passivity.
The indirect method wes used for the majorlity

of the polarizatiocn mecesurementz in the present

o

research because 1t does not impose serious phiyszical

L}

limiteticns on Cell or siscirods dasign and presents
nore information (ilgf' build-up and decay of polariz-
ation).

In FigurGKS 1s a diagram which partially Indicates
the trype cof infommation to be obtained with this
apparatus. The symbols G, A, and R within the circle

. )
markad coll

) —
L@
T i
i
1
Cell !
¢/ \a
‘g{
b S AN
R e )

Figure 8.--General Form of Apparetus

represent ths cathodes, ancds, and reference elecirods,

[
-

R S &
respectively. The block lubeled currant contrel

0

—,-_;,—? i

. o ————
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represents the apparatus for interrupting the

polarizing current through the cell. The current

passing through the cell is contirolled by ths

elsctronic apparatus and iz independent ¢of tue ecell

voltage ¢r impedance., Tkt po =18l mav be Jdatermined

tetween the cathode and refzronce (V,), the cathode

and anode (V;), or the anode and reference (Vy) |

e ()

TTUpD-

at any instont fellowing the initiaticn or int
tion of the polarizing current witnh an electrunically
operatea potentiometer arrangement.

The general characteristics of this apparatus are

summarized as foiiows:

1. Polarizing current: variable from 10'5 through

Tolkargamey

0.50 amp. |

2. Interruption frequsney: varlable from 2

through 20, 000 per sec.
|
3. Interruption pericd: variable from 3 micro- :

sec. through 0.10 sze. or half the repestition period

(whichover 1s shorter).

4 :retion of potontlal measurement:t approxie-

e 1 AT g

motely one microses. {vurisbie if desired)

Accuracy of potentlial msasurement: 1 mv.

S.
(better accuracy 4f msasurement period is longer when
6. Relative tims of potcatial measurementc:
vorlable from one microsec. following current inter-

ruption through 0.10 ssc. or three-fourtns aof the

repetition pericd (whichisver is shcrier ).
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In additior, this apparatus provides information
corncerning snodic se well as cathodic polarization
aizultaneously.

In Figure 9 13 a block dlagram wailch indicates
the function of the varicaus components of the apparatus.
Details cf the circuliry for this inst:ument are glven

6
eleewhere. The blocks labelled M, Ay, U,, and Ag

-

furnisih the varieble frequency square wave which Cuiie
trols the curreut interruptor I, The units in blocks
Ugy Us, As, 54, and the block lsbellcd "gate"control
the time aftsr interruption and the duration of
msasurement of the bridge detector. A switch permitted
the direct coupiea ampiifier (Tektronix modsl 112)
and vseilisscops (Tektronix model 511 AD) to visually
indicate the null point. This method of detecting the
null point provided a sensitlvity of 5 mv./om.

The time of imbtsrruption for most of the work
was 2C0 microsec. wiilch was cone third the period of
current flow. By means of the visual method, measure-
menta were nade within one microsec. aftsr the cessation
of the currant with & time of measurement eifsctivsely
zZexo.

Current densities were obtained by dividing the
poiarizing current meter readings by apparent arsas
accurate to wilthin 2%; The aresas were defined by

5

glass tubing of dlamete:r 1.13 cme - 1%. %he meter
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readings worse approxXiraiasiy 2@ accurats on the
lower perts of the sceie so that the relative

the current densities was 37,

2. The Experimentel Cell

A diegremmatic sketch of the ecelil sni a condensed
block diagram of the electronic apparatus showing the
cell rclationships are shown in Figure 10. An ene
larged cell schematic 1s shown in Figure 11. The cell
was simply ar opon 250 ml, pyrex beuker with the
electrodes clamped in place. The separation between
the anade and catncds, was limited to 1 cm, since
greater distances rosulted in IR dreps which severely
overloaded the direct-coupled differentisl amplifier.

malier elnctrode distances were unsuitsbie due to

S/J

ry

intarference caused by the oxypen butrtlies in the
vicinity of the ancde. The reference electrode was
located as close to the cathode as convenieniiy possibls
50 that over=loading effects in the amplifiler were
ninimized.

Omygen wag suppiled from conventlonel hign pressurs
cyiinders through & standerd reduction valve system via
rubbaor tubling to the eloctrode assemoly.
of the oxygen fed into the back side of the electrods
was measured by an open ond moIx 1
the pressurs at the electrode surfece was determined by

the fixed stutlc head of the sciution above it. Tha

Yy

velocity of the guf fiow was determlned, therefors, by

2 1 g 1
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and the static head cf tke solutior sbove the slectrouc.
The rate of flow ot the uxygen through the piug
was found to have nc effect cn the measuvrements as long
as there was a slow strean of bubbles issuing through the
face of the slectrode. EXCOSs gjas pressurc was aveided
since it causad partisl blocking of the face of the
electrode with tubblics and in certsaln cases destiroyed
the active cerbon surface layer.

Or.e huncred milliliters of the slectrclyte were
placed in tha celli which wes supperted in a thermostatlc

+

Ee)
batli 21 25~0,1 0. A lixed amount cf hyircpen poeroxide
X 14

was addaed to the eleeirclyte to stabilize the statie

=

potential of the electrodes {{.Cl i in Hy0gy) except
where the ofirects of sreater or lesscr peorcoxlds concens
tratlions were desired.

Befeore an clectrode was lowered into the solution,
the oxygen gas preecsure was tummed on to aveld sucking
electrolyts intc tne eiectrods holder. After immsrsion
the static potentlal of the electrode reletive to the
meferonce w2 s checked Lofore bolng polarizeds,

In gppiicaviong involving the usc ¢f a reversible
reference, slectrodes were raplaced ir thes potential ¢f
the static catnode versus referonce wWas 2 mVe. O moOrs.

If aroither reference such as the mercurie oxide

3
0
]
3
{od
[ 4]
£
(1A
]

or saturated calom
was recuired to agree with the theoreticsl value sns

nodifisd vy the concentrations of &lkzll and peroxide

3 B ey

s
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“hather the electrode w.s of air cell carbon or
the srruved type (sce rurt LI, 88), the initial polar
wus aiwaya high and drifted to a lowsr sieble valuse.
After the stesady state of the electrode wus esteblished,
tiie current was reduced to zsr¢ and the pularization
measureoments were carrled out with increasing currents.
On completion of the polarization measurements, the
potontial of the cathode versus reference wus checiied for
agreenent with the inltial vulue a shicri Lime aflter whe
current was turncd off. By subjecting the cathiode to
prepoizrization. itlis peclurization data were reproducible

(in tho case of sprayed uctive cerbon electrodes) at ell

current densitles.

aration of LElectrodes

ien. --The alectrodes usned

for the msjority of tus meusivrarmants wers constructed
as chown in Plgure 12, 7The verticul secction of thne
holdsr, 20 cm. ir length, was of glass tubing with a
6ma. inside dlameter, and the horizontal electrodo amm
wes of 1.13 em. inslde diamstor tubing ~iving an open
end of 1 em.®, 4 smail cop-er tube sealed 1nto the unper
end of thw vertical tube served bceth os an inlet for the
ocxveen and as an cleotrical contact to tie lead f'rom the
corziutitor.

i verticul electrode of the type shcwn in Fipure 13

was used in sSvLaTic measureuents.
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_— Rubber tubing

" — Solder

——--— Plastic swoal

\
.

~——— Glaas
inner diameter 6 nm.

_ Back surface of

////" cerben plug,
copper piated to

facllitate wetting

by solder

_——— Plug cemented in

vlace

——— Surface coated
with activated

Alr cell carbon or
No. 30 moronsz carbon

Detail of the Electrode
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force fitted wire lead \ :
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carbon coat u ‘ |
Dstail of the Porous Fiug || |
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e 7 i active carbon |
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An Electrode for Static Msasursments
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A typical electrode of c¢crnuercial alr cell carbon |
was prerared by cutting a eylindrical piug {rou a
larpe elr cell carbon bleck wlith e tubular cutter so
that tha plug was siightly larger then the glass holder

menticncd zbove. This plug was grcund to e close

fit in the holder and then sealsd in place either with ‘

rubber or Cenco plicene (alkali resistant) cement.
Elactrical contact wes made %o the carbon plug by !

means of a @pring on one end of the lead wirs wiich was

forced into tight contact with the carbon plug. The .

cther ond was soldersd tTo the copper inlet tube.

Llectelcal conducviviiy was chiecked alter assembly by

immersing the face of the slectrode in & pool of

Rl

mervary and measuring

~

¢

the resistance from the msreury
to the copper inlei tube. A satisfactory assembly

registcred 13gs than 1 olm. Others wera re jected.

In making viscirodes with 2 spruyed cocating of
active carbon, the plug of air cell carbon wes re-
placed with one made of porous graphite, which was cut |8

erd sealed 1n plsce in a manner similar to the abova,

Ths porous graphite used for this purpose was secured
vom ths National Carbon Company of Cleveland, Chio.

The porosity grads niost commoniy used was No. 30 since

the pcres of this material did not plug with the active

- el S oY
carcon areicl

4]

& a3 greadlly as those of the [iner gradeos.

Electrical contact in this case waes mades in eithexr ons of

two wethods. 1In the Tirst a copper wire wac forcsd inuo

-
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a small hole wnich was dxjiled into the iong plug

o]
4,

of porous zraphlte and retained with a small drep
soider. In the second methnod ths baclk end of ths
praphite plug was coprar plated from an alkeline
evanide tath £nd the lead wire soldered directly to

the copper laysr. The copper deposit did not restrict
the flow of gas through the plug to the soclution. After
the plug was cemented 1n place the lead wire was soldered
to the pas jniet tube as in the case of the air celil
elsctrodes. Of ihe two methods used the latter was
found to be more satisfaectory,

b. Application of ths activated surface. --Aftcr

the elscirode was assembled, the active carbon was
applied to the porous graphlte in s manner similar to
the technique of W.G. Berll. The active c¢arbon materisal
was suspended in s sclution of rubbor, polyethylene;
cr other wetproofing agents in an organic solvent such
a8 venzend and spraycd upen the peorous graphita aupnert,
The typical carbon suspensions were made by using
an active carbon of 200 mesh or finer and adding 1t
tc « hot colution of binding sgent, e.g. polyethylone
in sn orgainle 3clvent such as benzene or toluenc. The
amount of binder most commonly used was 5% by welpght of
carbon. after mixing, the suspsnsicn was cooled IS
roorn temperaturs and sprayed onto the porous, supporting
s<iapnite under en infrared lamp while a slow curront of

air was drawn through the plug. The spraying was

.

L g
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continuad until the costing wasz from O.1 €te 1.8 .
in thickness and then baksd at 1209 for ten minuies.

The electrvde was tr.en ready for use.

¢, Carbon materials used: ..The air 221l carbon

used in nmaking the preliminary measuremsnts in NaOH
solutions was obtalned from the National Carbon Company

in Cleveland., Ohio. This material was tihs positisc
2 ¥

electrvds I'rom one of thsir large air cells produced
primarily for zmailwoy signalling purposcs. The outasr

cns-elghth inch of the block of carbon was apparently
most actlvated. Since this material nhad bsen completely
processed, 1t possessed considerable resistance to
wetting by alkalil and required no additional wats:iproofing
The carbon emplcyed for making most of the oxygen
glectrodes was of the type used for decolorizing purpcses.
Purchased under the naxme Nuchar C from the wWast Virginis
Pulp and Paper Company, this material ~had high spscific
volume and was finer than 200 mesh which fact mede i%
iderl for suspensions. The actuzl surface ersa of the
matsriel was rnot determined, but from general factory
spceificutions for active carbons it wus procbably about
B8CC meters per gram., Other carkbons scid under tne trade

namss of Nuchar |i. Huchar XY

——t——F

5

4 Malliakrodt N.P, IX Activated Chamcosl were employcd

in suspensions as well as carbons =uch as emimal blask

; Trana, Fayaday Soc., 34, 1040 {1938),

-
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and ploed eharccal, CGraphlbte ponder from nigh purity
spretrgrephic electrodes was also used for the purpcse

T e I . g ~ o
A

ol utudyi‘lg 8 1ow dcs&'oo S o Tio

HE o) ¢ 3% aadl
preperties of these carbons wiil be compered in Part
1v.

The appiication of cai
ordinary carbon in the film of the oxygen cathode re-
sulted in dscrsascd polarizatlion. Carbons ware pre~
prared wlth silvey, copper, cobait oxide., and pglatinum
among other metals. In a typical treatment 10 grems of
an &ctive carbon such as Nuchar C were made into a sus-
pension with 10C ml. water. The silver was added in tne
form of the sminc complex, the quantity depandins on how
much silver was desired in ths finsl rroduct. The
mixture was thsn hested to 509, snd the silver sclution
reduced 4c siivar me=tal by ths addition of sodiuxm
hydrosulphite with rapid stirring. Arlter the suspension
was [lltsred and washed to remove sciuble salts, the

resldue was dried and heated until the carbon bsgan tc

[

oxidize. The oxidation was permmitted to continue
while the carbon mass was stirred until about 104
ioss in weight of the origlnal carbun was incurred,
The carbon was thon cooled to room temper: Zure and the
in the ncommal fashion. The suspension
was ¢

ien roady for use,

The ahove procedure was mcdlfied to depcnsit copper

O
s
a
fo
e}
(o3
o

n by replacing the silver salt with a coprer

salt bafore the reduction with sodium hydrosulphite.

In a similar nner notive carbon has been treated

———iam

-
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with cobalt salts 8c as tO0 produce a4 carvon wstarial

coniaining cobalt oxlde as the catalytic material.
A suspansion of ths active cardon in wauier was yrestsd

v - e

on how much cobalt oxids wes desirad in the final
product. After the mixbure was thoroughiy stirred,
the cobalt was precipitated as the hydrecxide by the
addition cf the required amount of a8 base such as
HaCH or KOH. The product was then filtersd, washed,

éried, and ignitsed as in the case of tha silver and

copper,

4. Binding agents. --The wetproofing and binding

agent used oy most of the sarly measursments was
polyethylene. Several other materials which have been
tried as binders for the active carbon wore polysiyrene.
rubber, and ethylcellulose. The rubber bonded acstive
caroon fiims wers more adhsront than the others. VWhen
binders which are soluble in an organic soivent at &ll

he carbon remeines on tha anpa

temperatures were ussed, U
face of ths basgse materlal whils ths sclvent snd some

of the binder iiussa into the support. This resulted

p

[ il

Al UnMnUIn U

nasr ¥2 cearben ratic sendgave poor

[E3
(]
ol

(]

ccmparisons from one elecirude to another. Ey heating
the graphlte base bafore ths spraying was begun the
sclvent evaporated as it was spraysd and 3 mora
uniform cerbon layer rssulted.

The active carbon layer obtainscd by this spraying

technigque was often quite fraglls, especlally in the

casa of the polyethylene bonded carbons, which

s e
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requlrad gomewhat caretl nandilng vo aveld
damage to the active svrface. The nut spraying
technique was advantageocus in that it resuliss in

mere adherent layers of the active carbon as well

as fop the reasons rnentioned above.

4, Electrolytes

The alkaline solutions wore mada from U.S.FP.

zcrade XOH which contained 83% KON, reageni ;;rads NoOH
which aneiyzed §7%, LilH-1ig0, and 0% tetremethyiammonium
hydroxide from the Esstman Kedek Company. Concentrations

from 0.1 to 1C mwmolar were used. ther electrolytes

-

such as acide or salts were made Trom reagsnt grude

chemicais.

The peroxide 4n the form of 90% saqueous solution

1(«
[

was obtained from the Buffalo Llectrochemicsl Jompany

o

refore uss. The concentration

\,

and dilluted to about 10 U

o0

of the diluted material was checked bty lodometric

titration. The peroxide content cof the electrolytes
was usually 0.01lk and was incresssed by successlve

additions when desired.

2, Referance lLlectrodes

Three types of refersnce slscirodss were used.

o I

Forp wrsments with alr call slactrodes

the first basic meaom

¥aQH sgolutions, the saturated calomel electrode was

smployed. It was found; however, timi z7tsi & relative~
iy short period of time the electrodes became contamlnated

the potontial
wich alkali anu tanueu Lo vary consids

navmal value,
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A more satisfactory typs referencs was the
Hg, HgO/KCil or NeOH half cell. These electodes were
easily prepared and reproducible to witnin 0.05 nmv. in
a short time. Such referencs slectrodss were statls
over long periods rrovided ths caplllery tips were not
permitted to dry out or the sclution in them to become
diluted. In addition the impedance of thils type wus
less than the saturated calomel electrode, a factor
which was.important whnen workling with the electronic
zommutator,

A difficulty that arises 1s tihe liquid Junction
pctential, which can bocoms gulte larp

3
Corraction can bhe ofi'scted by calculating the junction

same alkaline concentration as tne soliutich undergoing
test.

Feor recordinp avbsciute polarization vaiues directly
fron the commutaior randings vilthcut subsracting a
static valus, a reversible reference or the same type
undergoling the rclarization was used. This procedurs is

acceptavle since it has beon shiown that an active

ions.
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a8 a safeguard durin~ the meusurements, the
reverslble reference was checked against an suxliliary
he, Hp) electrode ana the values compared to thosa

obtainsd in the static measura2ments.
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As a seccnd safepguard; the relerence and th
nolarized alactrode ware comparsd for potential

éifference both before snd after the polarizing
measurement. In most cases the slectrodses were fourd
to vary less than 1 mv. after the measurements were

campleted.

C. The keasurement of Cathodic Efficisncy

A cell and electrical circult of the type shown
in Figure 14 were used to determine the efficlency of

t the cathode. The cathodes

£

fournation of percxids
wera prevared from untreated active carbon bonded with
5% poiyetnylens. The anods was either a dupiicate of -
the cathode or one of platinlzed glatimum. Pure
cxygen was forced through the electrode at ths rvate

of a few buobles per second. The anode, cathode, and

middle compartmenis of the cell each contairned ¢O

mi. ocf IMHKOHE lus 0.03 ¥ HgOg. The current was Cohie

g

trolled by the rhsostat R In conjunction with the anmeter
4, Tho teial quantity of csharge tranaferred was measured
by the silver coulometer C. After 30 minutes at a

[»
carront denslty of 50 ma./hm. tha peroxide concentration

4

in sach cempartment was determinsd by treating an
difled portion of the electrolyts with sxcess ilodide
ion and titrating with thiosulphata. The probable

error of the measursuent I3 sstimated to have baen +5%.
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PANT IIX
EXPERILENTAL :nlLiULTS
A. Static Measuramonts

The static potentlals of the cell (O, carbon ’

-

x M KO,z M Hogisatd. calonel ) were measured with vary-

ing concontrations of hydrsxzide and perhydroxide ions,
The cell was a beaker containing 100 ml. of the eleatro-
lyté, a saturated calomel reference electrode, and carbon
electrodes of the standard type dlscussed in Fart I3,
cocted with 5% polyethylene bonded Huchar C active carbon,
Al)l obeervations 1In this snd subseguent measurements
were made at a tempercture of 26+ 0.1°C and an oiyren
pressure of approxinately one atmosphere unliess otherwlise
stated.

agltation effects were notissd because of ths
differences between verticai and horizorntal

electrodes. Withthe horizontal slectrodsa ihere

=

ws:e no agitating oxygen butbles issuling from the slectrode

faca. ilthout sufficient stirring tihe values for the
reduction potential wers high. This can be explained in
terms of the peroxide.formed at the ective carpon

surface. In the

B
>4
[vi}
D
3
]
o
(o]
L'
D
3
Y
+
1]
_-e-
o
(5]

........... n, &an aop
concentraticn pgraedient witnhh respect to perhydroxids ion
was estublished in il solution adjacent to t he sisctrods

surface.
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The Hg, HeO rafersnce elzitrode pave mors sabls- :
factory results than the calomel halfl cgll which tended

con
o hecome taminated with alkell especially at high

1t

i  ion concentrations.

Figure 15 indicates a llnear dependsnce oif the

notential on the logawritim: of the perhydroxide ioa con-

wwednilind el

centration in 1.0 , 2.5, and 5.0 M XCH, The results

from thess measurements chisck satisfactorily with thoss &

of Berit and give a 2laps of ) L/ 0 1 Og(fbﬂo;}equal
to ~0.032.

The difference in static potentials between
electrodes at one atmosphers ard 0.21 etmosphers partial

pressure was tentatively recorced 83 15 mv. which ls

ERYEET TUR. Y

belcw the value of 21 mv., predicted by the Nernst equa-
tion. This can be explalined in tems of oxyren re-

P G
lsaswd at the electrode surfaers through the catdiyf“v

decomposition of percxide,

B. Dynaslc Messurasments

1. Bshavior of Air Ceil Carbon
Heasurements were made on the system

Oo, air cell carbon/ x H NaOH / platinized platinum
with a mercuric oxide or saturated calomal reference
elascirode using the indirect or cormutator technique
degecribed In Part II., Thae %tima regulred tc obtaln stable
measurcnants was approximatasly cne hour after the start :

1 e B :

of the polarizing current™ for values of 1 to 10 ma./cm.

for the latter.
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The polarizatlions of z2ir cell zarbon ciectrodes

v

up to current densitics of 4UC ma./em. vere ocsarved
in 5 M Nafil and 5 #i KUH. PFipguvre 16 indiculcs a
e Y M=

decreassd pelerisution in the NaOile Juclhi u Llioructor-

intic has becoen obscrved oniy in the cese of air cell

O

P air

i
* :)
>
[&]
]
0
(W]
Q

carbori. In the rsame [igure the Hord

[}

2ll carbon is compared with an improvad active carbon //
‘

£ Fuchar C bvonded with 5% polyethylens.

[}

densitiy on the peuential of the oxygen-oir eell slsctrode.

A

These Anta indicato that polarization decrsases with

R T TSN

2. Performsnce of

'3
2
o

Gnrg. -~=Yis alectrodss used for the

ma jority of tha ma2asuremenis were of actlvatsid carbon
sprayed on porous graphite and wove asscailicld a4
cribved in;the section on preparation of elccirods:
The coll was she 3ame as that discussed under cir

cell carhon with the syeeptlion that the refercncs

electrcodes warg ponerally dupliceé

sn orgonic scivaent and gl
ag a binder. Poiyetuylens plastic, cihyucellulose,
clystyrens, and rubber have heen tested. In Flgure 18
-~ 4

1s showr a comparisou &F sovreral binding agents with the

ke v
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same actlve carbon materinl. The polarization curves for
5% polysthylens, rubber, and etbylcellulcse lie on tep
of one another within the iinmits of experimantal errore.

Quantitative data are not avalisble for the othor materials.

o

though a good

L3

It may be stated, however, that polystyren
binder and highly resistant to alkeli yields higher
polarization valuss than the polyethylene or mabber,

The effect of increased binder concentration above
ia revenled in the same graph for the polarization of an
electrode containing 5% polyethylene and 3% rubber. The
optimum amount of binder with respect to polarization
depends on ths nature and specific volume of the material,
and was normally 5% for activated carbons. This optimum
vaius will be dlscussed later from thecrstical viewpoints.

Dave for ths tims dspendencs of polarization fer
polrethylene and ethylcellulose bonded activs carbon
00 ma./er.” ore shown in Figura 18. The
polyethylene material shows a marked superiority over
the ethylcelluloss in that its polarization is more stable
over long paricds cf time. Air cell carbon slectrodes
were not stable at 100 ma,/bm? for any great length of
time.

Measurements with electrodes contalning nc added
materisl other then bindinpg agents were confined liargely
to olectrolytes from 0.1C to 10.C M KOU rather than
Nadll sclutvions dus toc the fact thet the electrodes were

found to detariorate rapidly ixn scliutions cof the latter
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greater than 1 M eccncentriilon. For exampls, above a

0

1imit of 50 ma./cm.“ in 5 M NaOH the active ilayer of the
elactrodes disintegruted. Iven in casez where the active

carbon was bondsd with as much as 10% rutber

PR
douhnls the

normal amount,the electrolyte nenctrated the active carbon

layer rapidily and the electrode became useless.

b. Comparison of activated carbons without peroxide

deccmposing cuatalysts. =~

L2

Activated carbons from the scurces mentioned in Part I1

were found to have polarizstion values ranging from 60 to
2

150 mv. at 300 ma./ems 4in 5 M KOH and 0.01 M HgOg.
Polarization vs. current density curves are shown in
Figurc 20, The binder snd wetproofer were polyethylene
in each case. The superior Nuchar C was 3.4% ash which is
in the process of teins analyzeds The X-ray diffraction
patiern of this material indicated an eriorphous carben
structurse with littls or no graphitization present. The
ﬁigh gctivition and low polarizetion of this activated
Ca&roon ware &sscolatad with its high specific velume ancr
other factors.

A fough qualitatlye evaiuation of activa carbons wes
made by measuring the shesi circuit current yilelded by a
cell of the type.

air, active carboen/ 5 ¥ KUl / 2a

The active carbon ccihicdas were constoucted s¢ as Lo

. r4
present & l-em. apparent area tc the ciccirolyte. Results

was  very poors  Actlive carbons with trade names Muchar W,
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RMuchar vepgetuvle ciwrcoail, and Maliinkrodt iT.F. 1IX
activeted charcoal were infericr to the products Huchar
C 115, and Ruchar C which yielded short circult currents
over 5C0 ma./c::.2

¢, I2fects of vorying pH and s8alt concentratlonSe--

The effects c¢f changing the concentration of XOU vinile
malntaining the same Initial congentraticn cof neroxide are
shown in Figure 21, These rosults show the polarizetion

passes through o minimun at or msay the maximum conductivity

3
o

of the sclution. Thc potential current curves are shown in
Figure 22 for the same conditions, The static values follow

the dependence of thie Neimst sguation on the concentraticns
b4

ilgure 23 illustrates graphicalily the behavicr of
a rubbéer bonded slectrode in 1 K NaldH and 1 M KOi.
The ratio o the slopes oI the linear portions of the
curves ccmpared with théfratio 01" the resiativitles differ
by only 97, & fact which%gt rirst may seem sirprlsing but
which will be explalned in Ffart 1V. On the other nand,

M mriza~n A

~ At~ ~ & — L - e Pad 1~
o ARUTT T W T4 CTRPITCS oiC pPlaarigavilns ¢ 2 similizy

elactrods in 1 M LiGH and KOQU {1r.dlcates, st least in the

more stable low curirent range, that tihie Lithium aﬁd potasslium
curves can be Imposed wiihin thes limitc of experimental
error. On the sams graph is plotted the curve of ancther
elasctrode in tetramethyl ammoniwn hydroxide. The conductivie

e T

ties of molar lithium, sodium, and potassium hydroxldes
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are G.14, 0.17 and 9.20 r

3

A -~ v —
ents the more conductirng

if not a flafter slope.

The resistivity ratios zand the sicne ratics
Figure 25 fo the pclarizaztions of rubber bonded
in 1 N KOl and 0. 5 M KF are 1.4 and 1,7 resnectively.

rotential vs. current curves

H e A oo Pl
acld pll Tan@esd aAred shown
o B ¢ ode o ~y
i~ed bty abrunt slopes at

ing slopes at incressing

<Y

cl’ the iritiul siops 1s renerally lerger with docreasi:

pH.

ospectively. In most nea.vre-

ir the neutral and
chay:..cter-
and flat

densitics

current densities. Tha stesone

t

Thie curve corrssponding ¢

hes the less polarization as would be anticipntzsd since

clarized at & constant current dens:

AJ

1
is shown in ¥

in successive unounts untii the poiarization resched a
minimum value, A logaritimlc plot of the same data of
¥igure 28, l.e. polarizuticn vs, log liglg,cives a straignt

linse for percxide concentrations up to 0.25 M, is shown

in Mler2re 29.

er peronide concentration

cr

de cencentration aisc changes ths reversiople potentlal.

on gn eloctrode being

n

ity of 100 xa./cm.

ipurs 28. In this case
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A eurve of some interest (becauso & straight
Tafsl line has been obtained froum the seriilogarithmie

lot} is shown in Figures .30 ard &l. The unusuaily

"3

high consentration of 0.88 M peroxide in € M XOL was
obtained by mixing 45% peroxide with the required base
concentration while cooling. the mixturs.

The concentratlcns of both the peroxide and
hydroxide were determined immediately after completing
the measurenents. The exchanme current was found £tc be
4 ma,/bm-z and the Tafel slope waa 0.01. These resulls
will be Giscussed again undar interpretaiions.

e. nifects of dxygeg_pp§ssure..--The effset of

sxygen pressure on cathedic slarization was studled in

ko]

M KCH and 0.01 M. Hy0z. Pure oxygen at 1 atmosphers
and air wlth e partial oxyagen preasure of .20 ztmosphers
wers introduced into the elestirode. The ecurve ot 0.2C

atmospheres is characlosized by a rapid rise in the

1

polarization near 350 ma.,/Cme which is indicative of a

1limiting current (see rigure 32). The {lat curve Ior

cxycen 2t 1 atmosphere partial pressurs is predicted

rise in 2 sinilal fashion at higher current densitlies.

f. Temperature effscis. --Only tentrtive tomper-
ature ﬁependcnce neasurements have been completed at the
present time. These indicate a temperature coefficient
for the polarization of approximately 0.50 rv./°C at s
curront density of 200 ma./em.” in an electrciyte of 5 M

ke range 21 to 52° C.
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;E 2. _Surrent efl lcir:r‘CJ of peroxice fermution.- - b
.‘ 'F 3
ii Usm{; the crficismey cell deserived in Part 11, a e
" - il 1 o - A :,.
s measuiement with a cethode made of 9% polyethrlene g
"! _ ponded Buchar ¢ wes mnde ir 1 M KOH in the pernxide !
! concentration range 0.020 to 0.025 M. The experinient
‘ W,
- _ —rr W e v
] n vielded 8545--87% for the currency eificlency of peroxide 4 |
3 \
g ’ " S S e OETE g [ AT 2 5
¢ praduction at o0 A s/ CHIs H i
: : e |
s = " Z * |
= . h. ¢gathode decay traces. --Typﬁ eal decay traces J rr i
e g ’ 3
: !
§ arg shown in FL f-uva 33 with the orcinates represanting H !
. 1
x posential und ths abasciscas time. [ipurs 33 illustrutes 4 [
o i ¥
= #
- the reference vs. anode trace while Pizurce 33b shows 4
i ’ i
4 = the-cathods vas: ancde trace, The interrusticn periods i}
; ‘ wa.se¢ 200 microces, in lenzth. The decay curves srs i
,, ;
v'... 1
< g 3 j :
I rlotted togmether i1 Flgurs %3¢ to indicate Lhe aab- :
& s
e traeticon which was verformcd elcetrieally with ths H 3
, - : i { -
-, giirferential amplifier to cbtuin the tobulation helow, |
- e P 1
" Tho amc 2f vertical fail of the left side of the truce
g ',. = 4 of reveraiblility according |
% to CGrahere.” Pecsy volues for the enthede roferecce
- - h
; g trice, are tobulsted telow for a catzlyzed and &sn vne-
-8 ,
- . cetalyzcoa cctive carbon elestrode. !
= _ Type cerborn Decay — 1
£ - 2 !
_= - Huchey C 15 mv. gt 106 ma. fcn. :
= . {200 usec.,) ;
= Nuchex € 15% ig 8 mv. ;
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. hctive Carbons Electrodes with Peroxide
Decomposing fatalysts

a. GCatalysts. --The poor behavior of the uncaetzlyzed
curbons in NaCHh solusions has been remedied in large part
by the use of catalyzed caroons. The best results have

been ottained with active carbons treated so as to glve

1) . .
a highly 1 ntimate” combinution of the carbon with silver

D

metai or covali oxids. Of the two materials, silver is

" superior in termms oI duersasod polarization and low

penetration of the slcctrolyte into the zctive carbon at

hath ish current densities and hipgh alkeil concentruticns.

G
Cepper or ivon proved tc be of either minor or negative‘
benefit whils pluiinum scemed promising.

“he optimum amount ¢f silver was founa Lo e abont
157 by weight of carben. This value was arrived at by

means of the rapnld tast nethod describsd in Part II.
&

A comparison of the outputs for slecirodss cousalining

In order to increase the mechanical strength of
the siivered carbon films, 109 pubber wus incorporated
as the binding materia

b, Comparlson of catalysts. ~=A compariscn of

pelarization curves for the uncatalyzed acclive carbon
with B binder and the 159 silver activated mat terial
indicatea t-e supcricr performance of the latter (Figured4 ).

i

Mpure 35 compares the potentials vs. current

3 e e ¢
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densities for an uncatalyzed csarbon, a copper-cutalyzed
carbon, and a platimumme-catalyzed carbon electrodes. The
negative potentials [for the catalyzsd carbons are the
regsult of thé percxide decomposing propertiss of thé
catalyate iu the carven since a non-gcatalyzed carbon

reference electrode wns waed.

c. Cation effects. --The evaluation of possible

differencss in 4the behavior of voriocus cotlions required

an siccirode stable enough to be uscd for several detsi-~
minations in various alkaline electroiytes. whiis an-
carbons nave thie stability oniy in LOh, electroGes
prepursd in the same manner sontaining 187 silver deposited
by chemical reducticn are stable in other basle soluticns
a5 woll and permit en obeervatlon of sny differences in

the scviutions tested. In Figure 38 sre shown & Som=
parison of polarization curves in 5 i Nalli and KO
solutiona., The polerizaticen in ths KCH solﬁticn wWas
sliphtly lower than in the NaCH solution at all current
densities.

d. Time dependence. ~-leasurewsnts indicats that ths

159 silver electrodes have low polarizations with little
drift at currents of 100 ma. /bm. for perlods cf 12 hours,
Tha initial polarization aiwuys dropped to & steble value
within 10 minutes at 20 ma./bm.g as in the cusge cof the

non=-treatad carbons,

Active carbon has beei isplaced with iron, cobalt,

a EI“

g4, ,L )

it T
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nickel, and silver powders as a spray coating on porous
graphice. ‘iith the metals the propertion of binder wasg
reGauced to 27 due ¢2 the low specific volume of these
=ls. Oxveson res was introduced in the same fashion
as with tre active carhon elsctredas.

The resulbs cttainad {rom 2ll these metals have

been unsatisfictory since the polari:ations vers little

betier thun graphite itsslf with the exceptions of siiver

il

3

-1 VR g s v

"*'—‘—=n=et .\\
s BT
31
1
i
t
T
I
|
/ !
. S i

L4

PYTS

= : R T TP T a———



m m.. IR Chr el Sisa
AR 3 . Hort il . ﬂa‘.ﬂ'w ¢J m
w
LE eanziy w_
1
OpOI3 06Ty JOAITE Pa3180depod3ueTd U8 JO UOTHBZIIETOd [ _ ~
&0/ " vl querans Fupziaerod eFvaers | m
bt 052 002 oSt 00T 05 0
y T v ; 010+
ﬁ i
100°0 9 :
2 "
g |
(*4T7UT) W T0°0 :°vuod ®Hsg .M 8 !
o !
ol : |
-~ 02°0 |
. 4 <! :
.\n\ . -
o BN
\\ 1 <
@ T g
o J{ ofi*o m
\0\ m .
\\\ | o |
5 (=] B : I %
{1090 ” . w |
FOX W § = 3£T0oa390 T & t
SPOIJVETO® JSATIR pe3rsodepod oeTH - gt f
. B
{1
m -
: i
|
i
Figd
. _m' w-.*.n’.
. : , & » ' i I8 i E mlll ILI!iLw
T ; ,. ' i
¥ .ww.wﬁ._ﬁ_mm_mm@agaull : fl...-ﬂl.iJ:ll_._!-lﬁﬂ.!:’l!!ilnlll. 8 4 ’ R IR L 6215 SN U RN TR ]
ade : it e S ey Ve, g ; o ~ i | i i R ped o SRS il o T
~, g - e % U4 BN T N L B L T I Tt 1 1+ W, (S 8 | = SRR e B




i 1 5% y
Bl e - S i
- : - ) T ":@..
H—n ) A
i j i
? aog
3 3 i
; imrey
E l
; ) el
i . Ol
i - k g _ 4
i FAKT IV: DICZCOLCI0r OF H i
’, IXPLRIMENTAL R SULTS R S
: H ERe
: 1 1.
A. Ths Overalil Reaction - T,
" jo
: 1. lodern Treorices & i
I
1 !
Nodern theorics of the oxygen electrode pestulatse : i
=4 I
- the reduction oi oxypen in twe stages at nurmal terper- }/
i ‘ . P
= utures. The £ irst siage 15 represented by 1 i
: LU ~ - n+ ¥ 3 i
. i i e 8 + £ u + Oi ==l Iig_og_
. and the second by ;
2
- £} 280, —= %7 B0 #+ Dy
The overall reiction 1= i
; ' »
.:E‘ U ) _“L‘ + 4 HT + 4 o — ...;H;‘Os l
. . '
! The second step 1s no%, electrochemical and does Ol
" ncy furnish electirizal encrzy.
¢ 2. Causcs of lilsunderstaending amongz Original ;
- Rasmanchers 3
g = ¥, 2 A - | - - L R S - T 5] o
: xparinental dqta, amossed during The first 30
=, . yoeurs of %he twentisth contury, on the petentlal of
B t.e oxypen eluctruds were unsatisfactory and led %o the
. i
H alokoration of conflicting hypothesas. The vacts shilch :
t "
1 B 5
i svoked question ware.
: : : -5
é aj The poloentlal of ihe ezperimentul onyson . !
i e
i glectrodes duvesnot corresuond to the theoretival values ?
A 4
£ b .
5 . : g a5 a
§ exprected cf the feol:rowing reactlions. 3
! i
§ 61 :
£ ;
= 14
E H
13
2 .
t’ :
E [
E i
i
X |‘
] !
B L. ]
| ¥ 3 H
B I
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4) fcid medla: Og + 4 II7 + 4 & —=2 H0;
5) Noutrai medias: Og + & ¥ (10-74:) + 4 e

1
E ¥

HQ'
fa)

bl VIR &

[N
oo

Fame
(€2}
by

€) Basic media: Gg + 2 Ho0 + 4 s~+4 OH"§ E =-0.401 v.
b) lLiost potentials of experimental slectrodes

were not reproducible and had a tsndoncy to wander over

long pericds of time. Under controllcd conditionsl the

e.n.lf'. of several different metellic sloctrodes, initlally

2iverzsnt, tended to drift to final, more or less, stable

a) & souros of much misundsrsiunding was the beliefl

that oxygen electrodes operuted in accordance with the

>

clussiceal mechanlsmn.

r';)

g T % 240

()

¢
N

20+ 4 8~2 0

e H;

«©
~—
]
(@)
+

-
-t
+
|l
23
(o]

OE” + &

b.l
(]
A rd
o

Another reason {or the confusion was the schievement
af iinber® who emwceeded in cbtalining the thicorctical

e.a.f. of the Oy --Hz cell using platinun clectrocdes in
pmoiten siccirelytes ot hish tsrmperatures. Thnis result
experimentalists worklng in agucocus media. HMany vain

attempts to obtain the thecretical value for the iy «-0p

cell in aqueous media ware based on the ignoraice of

1i. Bein, Trens. Llectrochsm. Soe., 76, 175 (1940),

. 2F. Huber, 4. bleckirochem., 12, 4156 (190¢).
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fact that oxyreir is first raduced tc peroxide. ;
7 i
3. The roroilde Thoory
3.4 .
Abundant evidence from the studies of the coriosicn =
t
of metals in roist air indicates thet the reduction of ;
oxypen is probably alwuys accompanled by tue fcrmation \ i
. i
of ip0gs Modern reseurches ito this effect have culmin- 2 '
1
¥ - ; i
B ~ted in th:» popers of J.H. Churehiiio wno has shiowm the ¢
3 formation of percxide t¢ be <ulte meneral on metallic
: surfaces. Those metals which ao not exhiuit the lomation
X of N,0z; are excellent catalysts Tor its decompos'tlon. !
& i
The information from corrosicns studies led Habveyr™ and i
n
. - -~ 3 [ - » .
independently Lewis' to postulate the rcduction of oxypen e
f
in two stiges viae the Lo tion of reroxide. ! j
! ;
= °4 L —---\O‘,. SN Tl <) A ~
K. Dornemann. measured the static e.m.f. of ths l
oxygen electrode in acidic peroxide with a platinum !
. [
electrode. His value of £.66% .03 volt is in close i
sgrsement with the theoretical value of 0.8 volt calculated. l
S ; ]
= !
: |
“Dunstan, Jowett, and Gouiding, J. Chem. uoc-., i
87, 1542 {19056} 2 i
.
4. Treube, Lor., 1S, 454 (L86Z).
Je. Chiurehill, Trans. Electrochem. 3oc., 78,
541 {1939 ).
SF. ilater, 7eancig. allicem. Chem.. 51, 35¢
(190€ ),
7 4 > ;
Ges Lewis, J. sm. Chem, Sue., 28, 188 {(1507),
o . s =
“K. Bornemann, "Nernst Festschrift] Knepp,
hulle o 1&...‘.., ps 1180
!
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vy Lowis snd Randpil®.

work of timber, Lewis and

eoresmeni of Bormsuann’s3

iii view of the excellent thacretical

1o P e
Saitwall,

experluents, it 1s

T )
o

thiat later workers in the oxymsn electrode ficld did not

clearly understand why the theoretical oxyren-water

potential wes not ohtained.

lleyrovsky

10

observed that the reduction of coxygen

at the droppling mercury electroda proceeds in twe steps

with hydrogen peroxide as a postulated intermediate-

Lateyr polarogy

Kronip

TTus Ve
LYAQrogen pe

At
apt

e

as

k]

f e

the

.
Lamb ard ulder"5

— 11
worliers

oRygen

3

electrode

during electrolysis.

i

o1

apree with him.

roxide was found to be prcduvsd in

Fischer ana

showead thiat estalysts which

increase the ruate oi decompositlon of peroxide were
desirable as cathodic depoiarizers in galvainic celils
(e.g. pivtinum black, iron, pyrophosphate ion, copper
salts, and active carbon).
& - e - .
YLewis and liandall, J. Am. Chem. Soc., 24,
1976 (1914),
10 < .
b ey J. Heyrovsky, Trans. Par. Sec., 18, 738
R19‘4) —
{4 ns =y Eolbboff and Miliicr, J. Am. Chem. Scc., 63
{1013 ) g s
]:>“- Y, S 1 = -
. rl?CﬂGf and Xrcenlg, <. enorg. allgem. Chems,
36y %§9 1924 ).
-’* ' - %% Lo e 4
“Lanb ond Nider, J.on. Chem. 53¢, 83, 1g%
(1631 )
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J.R, Churchill, whils investigsating the corrosion

of matsls, observed that thée rste of production ©

peroxide in solutions of varying pH was incnreased by

making the metals move cathodic by the passaie of very

small currsnta. Mass action effects were ohserved, =.z.

it was found that in the case of sernted alumirim wire
immersed in He30,, the raute of production of peroxide
was inhibited as t he concentratien of percxide wae
increasnad.

Interest in the chsap commercial productlion of
led E. Berl %o demonstrate that oxygen was coh~
verted to Hg 0, at the aciivated carbon cathnde im-
mersed 4in KOH with current efficiencies bettor than
90%. Berl propcsed the followins ovorall reasction to
aeccount for the observed facts:

11Y 2 H + Oy + XOH —— KHO, + Hga0.

4. The peroxide Mechanism in Basic Solution
The final proof »f the naturs of the cxygen

2lactrods cane with the e=xtensive measuirsments of

é.G. Berl . Hs agsumed the reaction in basic solutlion

to be

# IR, .~ Ty

b3
.'
o
.

iZ2) 2 e + 0

”
-

3
=
Q
o
¥
-
d.
5]

Since the eiectrode shonld bohsve in gzcoerd

the Nernst relation for the assumed reaction, i.s.

and

0550 bunggaamre 1>

.
14
QRS

e RIS P, |

3

14 :
L. Berl, Trans. blectrochem. Scec.. 76, 38¢
M ~ N
(1938 ).
R
15 . ——
%: Baxl, Tiges. Ilsgstsceham. Gom., 38, 255
(1985 ).
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Berl proceeded It ie ihe behavior of tha notentlal

l’[l

of the electrods under varying cctivities of OK and
HOZ ion concentrations., His sxpsrimental results huve
been plotisd in Jipure 3 in rart I a:nd show the llnesr 7

ietionship between t he potential and the legarithm of

ct
}.J-

thne HCz ion concentration which musat exist if the
hypothesis is corrzct end the activity coeificient is
assumed ccnstant. The non-linear portions of the

curve are 1In tho regions whers the HOp icn concentration

(u

is appreciakly depleted by association with the hydropen

MU ragm—

icn., T .e curvature becomes arparent at concentraticn

and water.

The differzntiation of ths Nornat eguaticn with
respect to the togaritim of the reactants yiclds the
slopes
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¥ordesch cnd Martinolal“ roported the valus g
Lt e . "
Y L
%_———7 = L’:L’;;?Z -
d""’&f Jy
Tni1s wzlus is subject to uncertainty resulting fron
the lack of « peroxide control. The cxeellent ugree- h
H
ment of thc slopes with the theorctical requlrencnis
i
ol the Nernst equation constitutes an additional proof !
i
of the peroxide theory. // '
16 . =
. Kordesch and lwrtinoia, honotach:, &£, IO g
!
{1953 ). '
17 ) ) ;
T. Hoar, froc. iioy. Soc,{London). 5. 142
(22 (1933). -
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B. The Mechanism of the heuciion :
. o S S mh i4
1. The Mechanlsm Ol .ie«l. Tl
The mechenism proposed DY Derl tc exploin the
reduction of oxygsn to pernydroxids ion is as {ollows, ,
'
Two steps are involved in the reuaction, 1l.e.
18) 0.+ 28 —= O , i
16) 027 + 1i;0 === HO, + OH . // ;
i
A proton exchange beiween & water molecule and an oxygen -
moleculs tazkes place in Uias second step. Two elszsctirens j
. R
are transferred simultaneously or prior tothe rroton i
|
exchanpge, and an cxXygen molecule with a complste otbtet .
is formed . i
i !
8 ¥
N N, - s g . ] H |
‘\/(\/' ~oe —_— i BJ% !
|
T | I - |
- . ' f. % AU & |
.(\)O - HOH —* H'(J‘b’ 4= {1 H ;
e = |
|
N 1 #33] 3o & o i
Noither of %ne3e steps requlres the fracture cf the I
: t
oxymen C--0 bond., &ny further reduction tc water, L
: Do
nowevsr, would require the rupture of the 0--0 vond In :
i
the peroxide molecule. :
r
©. The Bratzler Mechunlsm !
ig 1
K. DBrotziec - proposed that nagcent hydresen is i
i
18y, yyntzler, 7. Flektrochem., 5%, 81 {1950).
!
|
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formed not onlvy in Ni.Cl solutions, tnt in strongly

basic sciutions of NaCH. The proton

18) e + M + IIl0H — k--I + OH;
wviepra M 1s a2 sitce
later, The nascent hydrogen then rezcts with the al:
oxygen-

20} £ M~<H 4+ 0, (ads.}—=I50,.

This mechaniam is in ascord with the meahaniam of

e

SO R
W.0. DBIOLT
of the 0--0 honéd.

= 4Anodlc Mecuanism of liiclkline end wilaon

g 19
The reuction of liickling and wilson for the

cxidationr of uaqueous peroxide at & micrcelestroeds in bhasie

solutlon was postulatsd to be the reverse of rouction

e

fo)
[OY

1 =
'z 2o

{

<+
"‘—"U3+H + 2 e

by
bl
-~

104

) uY o+ oH” —— Hon .,

D)
to

These rsactions tale place mors rapildly thant

of the hydroxyl ilon and, in general, the rute of tihe

reaction wus found to be gcverwed by t'e difimslion of

the nature of which will be discussed

in that 1¢ also does not reaquire tro fracturs

the redugtis

ilson, Trang. klectrochem, Soc.,

Hickling a&nd ©
5 (19s51).
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4. The Work of Toubs on Peroxide with nl®
2, 8L e
Taube ey 4i- who have studlied tha dsoome-
. 2 O o
position of hiydrogen peroxide uslng O 58 & tracer, find

S )

thal axehan-s hatween systems involving the pevoxide C--C

bonds and water cccurs only silightly if at all in acig

sclution. According to these workers an oxidizing apent
- funetionings by ithe removal of electrons strancthens the

it 13 prohahle that in the chemical

: roxide 5w 0--0 bond is never. Lroken.
Generalizuticn of tuis fuct can ve cxtended to the rovers-

ible oxypgen elecirode, i.e. the oxysmen moiecule iz re-

- S B e .. L3-S P - dssenn PN N I8
ducsed tu peroxide witlhicut rupturs of ths 0--C

6, Discussion cf l.echanisums

. . 1¢&
The EBruteler mechanism camnot be discounted

' because at finite overvoltages even in basic solution a
. dzfinite guantiiy of hydromon must ve liberatsd, Lut the

-

econtribution of this hydromsn to ths current may be small
snd resirictsd LU Zones whare the oxygen rroeasura is low,
‘fhe Berl mechanism, on tiwe other hand, receives sumport
from the reverse reaction ot Hiekling and Wilson™  since
in this nigration of the [I0; ion to ths anods, it shonld
pe the nepgative cxygen side of the lon which apprcecl.es

tha pesitive site. ‘the removal of electrons and 3»rofton

2054111, end Tauhe, J. Am. Chem. beg., 74, 231

(] i
i
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H .
!
v
H

Y i) e —

s =

Y900
Ndw s g,
21
Hunt and Tavbe, 3bid., 74, 5999 {(i9L2;. e
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may btz slmost simuitanscus 1n g push-zull play by

tie ancde site for electrons on ons3 hand and Gl ions
for the protens on the cther. The oxy-en molecule 1is
ieft in e physi-adsorbed state in zquilibrium w th the
oxygen dissolived in the surroundine. solution and/jor gas
phase oxypgen.

¢. The Role nof tlo Llsctrede

The zctive materilel In an oxymen eivciirods serves
to deliver the oxyren t o the active sltes and sunply
the electrons required for the reaction.

The ideal elescvtruue would possess infinits
ad.orptive power for oxymen and at the same time would

nuve & unlfomly servasivo system of macroand wicro

zone. Llectricul resistiviity would Le zero. In order
Lo obtalin an uniimited mumber of reaction gltes the

surface ares would aprproach infinity. In this conmsction

&

o

the

.

.hree phasse .cone iIs discussel below.

1. Tha Thves Phasc Zens

Tne low sclubiliiy of oxyren in aqueous srnlutions
na anount of oxypen thei can diffuss to

Lt Toglen ¢f the carbeon aty whleh some formm off adsorbed

hign currvnt densitiss, it 1s convenlent to pestulats
the axistenco of an 1ll-derfined three phase zon2 in-

volving a g3 pnase, solution,and scild,
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The work of Broitzler supports ¢
the thnree phase regicn 1s @ function of Llic surface

arsa, and indirectly, the pore structure by obiaining

-

lower polurizetions with incrsased subdivision of active
c..rbon, Binderz tenad tc deplete the amcunt of three
phase zcne by occlusion of the pores and surface.
wetproofers in excessive wmounts likewise are deficient
althouph they arc disigned tc enhance the anmount of

wee phage zone wien rresent 1p the proper amount.

Tlie porosity of tuhe carbon permite tie oxygen *c
‘3eions whnere the electrochemical reaction

reduces the concsentration of adsorbed oxygen.

mobility of phiysically adsorbecd oxysen may glso cantribute

L]
e
-
.
e
[#]
'..
1
(%]
¢t
"
[&)]
§

to the trunsport of oxygen to the sites o

chemical rouctic

x|

in the phase zome. A minimum oXyren
pressure aad surface tension prevents the adsorpilcu
of thie elszirolytes into the active zone by caplllary

22

tiom. In this coummecition oayr-en dilutsd w14k

shouwid tend to grevent wetting in oxyren sturved zones

o
= -
¢coordine to Wolsz and Jaffs. 1% is probshle that
fluctuating electrocarillarityund oXyEen presgiursd causa
rapld changcs ir ite thrce phwss 7ons beunderies.

Fowdered mehals and grestite @iffer fron octive
carbon in thelir electrode wropertics becauss o suriace

area among otiar f.ctors (catzlytic sites, insrtness ete. ).

et v e - TE R 2 £ A e MR A it ¢ - - e =

22“' T @ m- + 3 9 I 5
Weisz and Jeffe, Tvang. Elsctroshem. See.; 93, 128 (igh8).
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The active carbon zarticles are univgue in thet they possess
higher surlacse arzos {from 2-2000 M?/gs). “he contact zone
between the internai pore siructure, where high sxvgsn con-
coentration can exlst, and the external surifzcs, bathad by
eilactrolyte, mar bo the region whare the maicriiv of eled-
trochemical reaction cecwrs, i.&. the thres thase zone.
Metals and graphite might not possess such a region to any
appraeciabis extent.

The prectice of wotproofing an electrode matarial is

designed to increase ths thres phase zZone. Often tis wel-

J

proofer may elsc functlion as ths bindsre,

-
»

The purposs of 2 binder 1a to bend ths active carbon
metorial into s form suitahle for waa. If the setive ma-
terial is formed in & massive siate, thereo is nu nsed for
a binder.

The ideal binder would have certanin properties whieh
are o¢nly parvially rulfilled by nctual materials. Thass

are:

N g

e 1,

e o p

o ———— 8 s+ P A —— e gt
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as
(1) A low slectricel reslstance.
(2! OCnlv a omall zmount should ha requiiwi to form

L

¥
{4) 1% shomld Gs chemically inert o both
{5} It should posswss inherent optimum wetproof-
ing properties in its structure.

The smount of binder mest commonly empleyed in

the present work was 5% by wolght of carbon for highly

1

‘inar materiais. This amount was

[5)

activated 200 mesl or
e¢liosan because it is the minimum amount which r~ives good
adherence and suificient wetproofing. lisher proporticns
of binder pive more adnerent coatinms but resuic in

hipier electrical resistance, delreased three phase area,

d the redusiicn of the porous structure of the slectrode.

£

As a preneral rule, the amount oI bindsr should be pro-
portional to the specific wolume of the active material.
At has besn Zaseribed in Pert III, polyethyliene,
rubber, pelystyrane, and ethyicellulose have been tested
es bindera.
The properties ¢f polyethylons zro somewhat
dirferent [rom most otiisr binding mat

wh=2n hot btut

ur

is solubls in aromatic arganic solvent

forms a susrnongion of fine partisles when couled to room

e TS

|
!
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o

vl

- B
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temperature., Carbou layers prepared with

miterial aivo highly porivus due te the Interspersicn

of the particlass of plustic. An electron microgruph

s o 2T

has shown that the carton durticlies a

coverca with tno plestlilc which perwits a iarger threo

phe2g avea tc =xist. The adherence of polyethylene

bonded meterislils is not socd veocsuse ¢f ti:e particle-

like nature rather &7

2
£

L£i1lmeiikas nature of the plastic

The excellent water and alkall rspsll

'GP

croperiies of this meterial are & direct consequencs cf

S carpons ave somcwhatb
hipgher thun those bonded with otheyr msterials due to

vthe manncer 1n whicr the plastic perticles separuts the

carben particles.

rure crepe rubber is & very satizlactory binding
agent Irom several standpcipnis. It forms more adherent
coatings thon the pxlygthyle:e Lron. the sams ancunt
naterial employed, aond T8 svaswlab
The material does not have quite thc degrce of wet-
proofing actlon possessed by the previcusly menticnsd
rmagerial but it is guite cisble to alkall at sll
concentrations. A small amount of polyethylene or
paraffin inccrporuted in the mixture should auvgmsnt
ths hydrophcbic cheracteristics.

Polystyrene showa excellent reslstance to
strong alkualies and gives quite firm layvers of active

carbon.

and
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The polarizatior ssema tc be higher for This material comparsd

2 tha other bindora wnen used in the same proportions. This 1is

peezibiy due o some property oI the polymsr whisch causes it to

riuve the pores of tue carbon or zcst the verticles nore completaly.
Ethylicelluliose was fcand tc¢ ve sultable for static measura

the ecars of high curramnts, measurements could only be

maida for short periods of time because the alkaiil bagins to hydro-

lyze the plastic and the carbon layesr was sooa destroyed.

3. Tie Electrochemical Sitves

Two types of sites are probanly aveilatie with active carbon
for ths alectrochemical rsduction of oxygen to peroxids: chami-
adscirbad oxygen end physi-adsorbed oxygen. The co-sxistence of

--'\! .
811 substan-

w
tl

both chemi-and ypiiysi- adsorbsd oxygen in carbon i
tiated »y various types of gas-adsorption studies. The electro-

chemical evidence favors the nypothesis tiet tThe physi-adaorved

diractly in the formation of ths

oxygen is the specizsa involved
peroxida. This svidence iz as foliows:

. The relatively smell sctivation polarization associated

(]

with the oxygen ncathods 1a usualiy more characteristic or a

aathodle nolarizetion impliss a physiezl activation.
3. The fact that the pororids is
0-0 bord 18 not broken.
Further information concerning the nature of the sites for

thes eliectrochamical resction om active carbon shsuld be fondh-

coming from 2urrent work invoiving the corrslation of gas zdzorp-
tion deta with polari:zation measursmants and tha vss of oxysen-18
in tracer and fracktisnetion studies.
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D. Catalytic bDocoapcsition of leroxide !
1. licgchanism of Perocxlde Decompositicn
: L 24 -
Barb, Lexendals, George, and larsravs nave :
: i
prassented experimental cvidence which supnerts most off f
ne 1
o K = -
the li.ber-leiss cchanlsm for the simpis lron cutaliyzed
{
dccomposition of versxlde in acld solution. This !
i
mechanism, modiiicd to £1it their kinctiz studies more £ 1
i
accurately, is as fcllows, :
o] SR P woFtF . oA . ﬂ-..T++A (610" S g ¢ 4 ,
Lo j8R £ o T LagVg e L Ll G £ $ B
L w + 4 Trion !
b e + i ———= Fo + On :
= ::;‘:, E A “; S :’:‘OE |
" i I 'S g | !
d Fe + HO, —> s + HOg :
+++ .+ { i
8 Po - + Mg ——. 3 Fo -+ 0s + UT .
: i
The rewction 25e iosulss in one reduced oxygen atom, j
[
The OH Iree rudical may react along the alternctive {
routes <bb end 25c, the rates of which depend on the i
3 3 ++ - P 3
concentration ef the e jop, Oxyesen s formed throush
|
the iwo reactions 26e¢ and 20e with 25d a competingz path
2
for the radlcai ilae when Lhe ratio of the ferric icn L4
:
tr terrous icn remains ¢constunt, two moles of water and
onoc mole ol oxygen ere produced largely throush 25a, 2bBe,
und Dhe
52 ) : er Sm i,
Sarb, Baxendale, Georre, and llargrove, Trans.
Heemy S, 4%, 488 fA08L).
s = 35 = e
Haber and Welss, iroc. Roy. Soe., Ai47, 332
{1034 ).
!l
e
I
|
R
i
: L=
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Sinca the simple chemilcal deconpusition of

cl oxrper, the balince of oxidation and red.ciion

cqusl., At an eiecirodu, unless

T
]
4]
Ci
[+)]
©
]
[o}]
1]
”~n
1]
[
<k
Q
el]
]
o}
(=)
w
=z
e
[od]

en uutc redox roaction i

/]

unbalanced, the ne% process
vields nc clectrochienical ensrry.
It 1s possible to ~eneralize tiie mechanism 25 to other

these will

redox &ystome. Ths mest interesting of

26)n  Ag 4 E.Ch ——==  AgOL <+ OII
b ,-}}1 + :;2"‘2 = — ngo - 1102

(2]
o
[}e]
3
i
6]
<
1)
3
-~
¢t
53
o
[}
[
b

ver «cts 23 an oxidatieon reduction
catialyst for the chemicel dscomposition ol the peroxids.
2. Cetalytic Ilectrochemical Reducticn
Ul Percxide
The catalytic reduction of peroxide would m:us
available the electrochenmical energy of the peroxide.
Ths repori cf .ieisz and Janeg that electrochemical
reduction of peroxide docs not occur i basic selution

was based on pgraphite and wereury suriaces and not on

THe 1g%n gstalyzed rodusliorm of réresde ah the merowury
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micorn alactro

mechanism occording to Kolthoff and

- n
e &8 r © K

1G0 i
{

de In U.25 i R 80, obeys a Ealear
Ne
.».u

rarry

+4++
Ra e

-

OB + HO
ia0 + U0,

Op + Lglh + L0

4L b
Fe™t . or-

++

5]

Pernxlide is converted to a reduced hydroxide ion and an

reducing ac

L
Q

catal 'u S

i» the reduced anc

e

The radical may e reduced to

iiC, and thereby Qg

27a and 274

SOneG

Se dach g iy

—— - ] ~em Y
reactions 27b and £7c¢,

ikeiy %han an exceas of ©xi
Lion over the other must alwcrs occur because

not exlist whica nave oqual [ree enersies

oxidized states unless tlie concentration

[«

djustie

(¥
2
[

tos has been prcviousl;

oxiiction sta

5
e

is state o néltions

——
-

electrochondical zilvcult ¢

e

enerr~y, Therefore. coincident

wersice 5:']
...... o,

process” , there may be electrochenical

bagis

ryoern <abl ode in

noff and Prrry, J. :x:. Chen. Soc., 73,

™

\)‘ -
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solutioca even in the presence of excess oxygon. duch
a nroecss wounld posalit in sn inerecsing reduction
potential with inero. aine percxids concentraiiorn which
ig & ;:spohée conf ey - Lo the Derl méchdgish.
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zeoed catalysts fer the catalytiz
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tasls of tho solution of the -opper inm the

3 in which the peoroxide dscomposing
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eatalyst has been incorporated by electroderosition
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glectrodeposivion snow ivavs pllerication kut 40 0ot

slow the pensiration of the elsctrolyte in [alH at high
current densities. The sxtornal. layer of piatinum nust
be qults thin, as an excess willl block ¢ff Loo much
of the nctive three phase area of tie electirode.

b, Penetrutlon of slectrolyte. --Trs carbons

ow tiie rapid ponotration

of electroivic and destruction of active curbon films

el

iraga =t

common tC none-treated carbons when used in NaOH. This
phenomenon seems to be connectod in some way to the
presence of the poroxide which is

pPivCcesSe.
Tt 13 Lnown thet the seodium salts of the - eroxids

TS 1¢5s5 soiunle and nore unstcble thean ths

N
v‘v

i
| 22

preclpitate within the active carbon. The possini
£is0 exists that the destruction of the carbon 13 brougiht

avout through the releasz of large oxygen bubvles when

the concantration ci’ the sodiun TLSICKIGE la viw vures i

the carbon becomes high enough. Ths nrasence Of poroxlde

daconrosing catalysts in the carbon, or an increase in the

temperature of the slectxclyte would decrease the

ot e e
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decompesition of trs

Tie poroxide deconmposing eatolyats

"

ares more suitablie

for this purpose since a high tempercture might
soften the binding msterial.
L. Polarization
1. Concontration FPolarization
a, Diffusion limited oxyren.--The major source
of pclarization originates In concentration polarizuaticn

low of oxymen wis

4 carbon uir celis.

precautlons ars tullen %2 ninimizs 1%.

have show.. that the diffusion limived [

rute deternmining In thelr zirnc-activaics

For .a rectancular bleck of thickness x, the perpendic-
ulur diffusicon ci oxy~e¢n followine Fligk

sritten zoproximately as

2 law may bo

of the oxygen in moles om.

I\UHL

side of the block. end
s ol

the electrolyte side of the biock.

the acbivity of cxymson

4, )1s the activity

the argu of

+

Gii Ui ali

of oxrgen on

i
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fé I ecch oxygcen m~locule is ultimntely veduced i
1
i ) L i
g to water, tiien the totul erjuivalents cf current 5 18
o 3 s F
o Aivided by 4 i3 cqual to the oxygen Ilow. i
i 1.
=11 ’ N )
3 - A = s 7 Vot ]
{ 31) &M .u? =0 4.1 aQ) - (a,,
: -k 2 e e s
!
< |
13
P S
4 ’ 5 :
B b. & mathematical interpretation.” --The analysis i i
: i
TN : !
E . of ccncentration poicsization has led to the ma licnatical
= £ !
c ‘
L gtndv presented below. 'This devsliosment is hased on the t
- :
5 peroxide mechianisi. i
g |
) Under veversible conditions, equation (13} 1is ;
a
] 1
% applicable at the cxygen elsctrode. E
: o
% !
| (ron) (ans-) j
o ~ =¥ £ :
g 3 321} t = r 0/0.-,-4" ( |
% | e 2-) r;”) ;
i - g
s
: wiore 5° is the stundard potentia: of the electrode,
roy. 18 e reversib ie “wlf-cell potenbtial, and @ is
N L 3
the activity of the specisc in subsc 1pts at the
- “ - . - ' . W " o " 1
electrode surface and in ihe vulk =L e soluticn. Under g
g jrroversible cathodie coaditlons, it is assumed that !
5
~ i-’f) O 6’3 "l Ji7 ‘ w‘-
o = e S
(33 &g 7 & > (2.).. (4 \
e if;O/N" i
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where the zulscr .otz iy refrnr To i he irreversible

dynanlc conditicns ut tho electrode surfuca.

ctivution polurizutlon is not considered in equation
(53}
L S S

According t o equation (31}, the activity of oxygen

4 - - :ZQL__ = §h, == ‘,-mZ‘
4) (‘Qv‘);}-_ ) ('"‘%L ey

where n represents the avaorass numper ol electrons

tauken up by 211 cniyeen 2necies and varies hcocitween 2 and 4.

R I
“r
I ist cur -ant densliy 1S® 1 3
- VY K nﬁ"pl ! and a&;_*s the

acitvity oi uxyszean 2t the interlace in the absence of

polarlzing current. The quantity 6kh£r~ls the samo as

dﬂl in eguation {31},
1 the steady stabe ot anv given current donsit
J < E)
(33)

1

v-—¢2-
(.ﬂ& “hr (/ Ao
whore@%ﬁg)o the rute ol cnrange of weroxide 1ion

por cm® uat tze interfuce with time, K is a Firvst ordar

rate constant for the dscomrnouitior of paroxide and 1=

grecifiec for any given solution &mi the hoetersgencous
cetalyats of the clectrode. Dg 1is tie diffusion ccefflic~-

3 DO JRE an e oS ” R . YN E R R T ey S AL
ient oi tue poroxide, ands is tlic effective %t icknoegs of i

[»}
-
=y
1=
s
[
o]
po
=

ayer. Llectrolyvtic transport hias besen neglecte

L TR

M
= :

d

—e e o AREEEY STl o RV
4L 10 BHSLENISQ Luu U“ydcu Moves eniy o™
< Iia




i

NSS4

1 R TN

esss

TR HFNE TS IR ¥ 11 1 e s

v !MH.»’HMMM..-

A

e
1

Yy

1980

—asam 92

[}

limited

7]

in equation (35); hernce this equation i
to condiviong for which the transference numbe
of the poerhydrexide lon at the cathode interfacs

i3 very sumaii. 1l oiils equation is solved for

GL,A',thara is obtainead
\ﬂv‘ LY 4
’ P F
. D (40~ -
/ LAWY b
36) &, ) = —= 7 2 ;
+ LY ﬂtz),« (/'(+ ,-0") 21 iK‘f‘" DI//:)
or

[ 8]
<

o
o
1
o
3
r
4

- ——o oy

e — - — oy e W—

where Ky = 1 and kg = == = e
5F 1K = Da/)) d(k+ %/r) (€8
v 7 -)"Z
The equation for Ol ions in the steady

atate 1is

rad

()]
[ §a
Y
X
1
B g
b,
|
|~
Ay
N
X
o=

B o]

Il" 2 .. L% = e b e . LY p - > v O
FOO L6 & ,gz'}.;:; thiz rate of changoe of the Qi ion
7 At =
a7 o
rer om. st the interfuce with time, Dy is

the diffuaion coeflicient for tho JIIT ien, end t

is the trunsferen aur .er of thse O lons.e The tesw

ﬁélf) ariscs beeciuse each HOp  ion deccmposes to ons
#8: ~

Pl Hhau SRR SRR W N ~ 9 v .. . . . o . ~

Vi 200 &M Lo Up. LA TOUUITG LY L Lo dopenas

on the UH  jon concentration , this dependonce is
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Ihe Golivity of ths woter 2t the slootoodd |
interface may alsc difrer appreclably from that in
e pulk of the solutlon because of differarices in
the concentration of the cation (notasetum or sadim)
as well as the snions (hydrozids and perhydroxide).
This variationlin the activity of water may be
calceuiated by means of the Gibbs «Dvhem equaticn
which in differventisl form is 7
R
74 A s 0N B
ey ) At (@yy-j = O
whore o ly the number o moles of the sapecles y
1
Indicated by the particuier subscript and s, is ;

+

noLy

tite activityr of the caticn ion. The limitation has
alr2edy boen imposed that the ratio of psrhyaroxide
tc nydroxdde bs small compared to unity {(nsglsct of

electrolyte transport of perhydroxide ions}. lHence,

the concentration of the catlon is substantlslly the

T
i
@
]
2
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o
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(7
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Z135 in conecantration.
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-
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in as much as there is ccnsiderable aolLf ccorpensation

G

nvolved. The integrated from of equatior

(43) 1s thon
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1035% -+ | and segctive. The sipgniflicence oI this
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therefors, invarsaly depsndent on the activitics

OE , HC,,znd the oxygen provided the sssumnticns con-

the sctivities and diffusion theory previcusly
mentioned are valla.
If sach term <f (80) is plottcd vs.Ion

that all cther tems are either consid

gmall and the aciivity of water is
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given (U, i . ‘The quantity k, shovid Le & cons

Tor & glven electrods<electrclyte gystem.

i
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=

- & =~
for the intassral funciicon
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<
. 3. ’ \ e T I L e e = 4 A ¥ >
in eguation (50 w-oe iwughiy proportional to ths current

density over modarats current density and aciLiviily

c. ‘omparison with vhe data. --In equation {(50) the

second termm may be written &s the dilflerencs of two

logarithms:
Mo Y. o ~ Y Y wlnxfn 3
L0g \ka Gy, R
If the polarization due to gll other tems 1s assumed

invariant, A, at constant currrnt density, the nolaon

zation mey ba written thus: ‘ 5
-3 7= \ F i -./éj(. )-{
3 1 Q,. -
GeC) }'{"'7 _,;.C;%:ﬁ ;, {k‘;‘\ ,‘, rk‘-Ig /3 HO 7\ .
> A G i
Differentisaiing “r( Witk respect to loply ,-one obtains
‘ 1 -
\ I - i
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3 " e e - * " 2 \G’. 45 = i -
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3nnuld be =0.03 at constant aurrent lencity. Vhon the
data of Fipu 27 are plctiod Un semiiogupitizaic axes
‘Fipure }, u straight line results for reroviide ion

CORGBnL0aLloNs below approxinataly C.4 L. Deviation from
iinearity cccurs at riglhier ccnoentrations. The slone
is -C.C287 vatlwsr than -0.03. This may be interp-eted as
due to t.he neglect of othesr percxids  dzpendent terms,

the nresence of otlier curren

(34
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by

dition to the DBerl process, or on ingrsasinc~ adverse

facv ol paroxide on activetlon polarizeticn. The

] 35
scuation for f‘“’“ similarly vields s limltin
Ai ﬁu" S g
é

The polnt of minimum polarizatiern on the curvs

2f vigupra 28 is 25 mv. and represents the polusization
angseictedw 1th all other {uetors when the peoraxi.de
concentration nolarization is zero. 7Tf thi= vslue is

subtracted from the ordinate valiue of eash point in

:he curve of Fipure 28 and the linear portion of the
resultant curve extrapolated towro pclarization, the
inteivept ylelds a peroxide ccncentrition of approximate-
1y 0.6 N. This value 1s assumued tc he the concentration
of peroxide exigsting at itlie interiace of the particular
slectrode in 5 W KUH a% 100 ma./cmaz The procsduras ussed
or obdteining this interface concentration is general,

1@ initial slopes ¢t low surrent densities in
Flgures 21 and 25 provide aﬁ axvsrinental check of the

predictions of eaquation {(37) whic!: requires a tenfold
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ingrecsa i (g silope for sach 0T o rverge in the pi
The data indicate & »ourly 200z 1o~ AT L gean
sctivity of the bass. The highe> 1is. ine sig, o .0 0w

=nanolous in

iirls respec! compared with the

5 4 XOH In Figure 2i. The
vasdintiyioy =£f02ct dlscussed in the v - .t section. In

negossery Lo assws LWnzt the Zerl mes :idasnm
1n acld solutica. '_

The initial slopes at iow curres «ansity in
Flgure 22 ¢nd 23 indlcats amaller sle ~:o - oo &l

: in the limiting slcpe or Figuwe

pressure.

Quuntitative checks of limiting

L= X R S

Bech

reactant may be
due to otlisy tarma ars
basod on concentration

The fiirst teim: of

a combinatioi of hrce

corrcboration of eguation

and (CHpl)e MOU at zqual molarvitiss: For § ¥ ON” ion
concentzation, tho mean activity covefficisnt of KQH is
1.7 times that of HaOH.

e The predictions of equaticn {57) for the ratios
¢f the iritial alcpess with the variable HO,~ icn
concentrebion {aghiv!ty coefiiclent assumed constent)
sre approximately fuifililed in ths date of Flgurc 26,

Do e vved n N (P £
ST e s PETOEN

e
L

lopes 2us to

g

polurization thoorys
equation (50) nay be written as
terme whave

4

;

anomaly 1: -* robably due to the

(57) may be observed

Lais ek ey
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wneoa| Y Yis the mean setiviiy ceoefficient of the alkall.
ou-) v
+

0% A . s S B 3 -+ Ky P S e
whe . two differant cations such 88 K and Na o7c Jcmpered.
fue (iffcrence in ) predlcted by equatiun (63} arises from
= vardevicis 10 Lo sotiviity acefficianta st the tulk

alkaline concenwration in auestion. Tne 4ifference in
tue curvas of b M Naud and KOH shoule ke a constant valius

acecordin~ o eqguation (G3) at hipgh currents »re

. A P ¥ /
Al An = 43 " 'melsa .
'7 .aQJ‘AQQ 4 w&hvu

6t) Ay ¥ Cu3 e '/’%7,407‘; = s~

The date of Filgures (22} and (23] show slopes approach-
ing the parsllel stute et hich curcont densitles, but the
varellel distances are of the order of 26 mv. railisT

nan 7 mv. for KO ond NeOll. a8 beon assumed independ~

ent of tLo concentrution of bsse for thls discussion. A

factor which has boen neplected is that 7 will depend

on theo arau of the electrode wvatled by ine respecilye
bausn. Hesistive eifoote dsueribed in seetion 2 which
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ollows ars also important.

If the iuast thwee temis eie neslcetsd, sguation
ns 2

deisht

.‘
<
[}
-~
=
o]
ot
»]
Pl
.J
e
e
i
d
3

predlcts p¢

Y

e e

o o e



L T A A RV e

~

oy, S
— s

RN M Eren W) ehames

Y TR P i 0

.__.-.___.,_,....__-____,_,_47~4
v

3
13

O e g e ORI Y D L T 125500 e S AR 9 L0 PV RTCN

RS e

T wmem

W

2 B ol e s el B S5 Tty ~ -~ B4 & 3y, BT
Avrectls wronsrotonel o the icn of ihs cuvrant and the

ceurvas of 3 vs T cheuwldd ressudls Bicsy U Sapunee 37z

E—J
O
m
ct
Q
[ord
"
g
o
i
fo
)
o
ks
=
[
e
oy
o
-
ry
Q
ol
[
«
€
“f
-
o
©
G
3}
o
i
®
f-
5
L
¥
[}
Q
Ty
)
Q
[¢]
"

of tewms involving the oxysen well asg the reslstivity
effect described in the rext secction.

It is Interesting vo nuite thet in éeglons where
tie last threo hterms of equaticn (HC) may be neglacted
the slope is glven by

\

: oM $IC
j ot . = B i i
60 B T
L S N

whici. 15 independent <f tihiz activitiss of any sciuteos.
st van e sk et i

a2
MALR, U Ui v e Ve,

siopes ave joarallel and nere.

Some features of the polarization essoclated with
ihe oxygen slectrudes may Lo explainsd by the roai
aflfect. OCore of the pertinent phenomena which may be

connected with tiie afffect are listoed below,

.

Le tuo POLa:zidaBisl cupnant

densitiss above 5C ma./em.

2. The polarization seems 0 pass vhrcugh 8
ninimum valve at or near the maxinmum conductivity of
the solution.

S Ths cabthoucs decay Llracos are sssentially flat

onitiderably at

[ ¢]

at low currenis tut tend tc decay

highsr current deisities.
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Tre ficst two of wness tnree [actors seem Lo
indicite a resistive component in #he polarizetion
valuer. Tnis, however, shculd noi be the case sinee

ot
Lot

on measucsenentd are

usually

TA dror rhenomena assocleted

wilh polariza-

6liminatad by the

commubator v:echnique for systens with unifosrm current

denzity digtritution. In ths
oxveoin cathode

sul'vicient

&ca oi ths

thse n:eded depclariczation,

thig

>3 8 )

ocroLged

...I
<
a

must penetrate invo twne carbon
oxygen required to support
conditions a wumver of &ic

wish the

vase of ti
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£y

WWhen the curycat

¢ 2arbnne

a somewhat unique Situuvicn exists,

Tn is

O SunnLy

is in-

supply is exhauusted and the electrolyis

v £t0 obtalin the

s 2 possible sxpiznation of these phenocmena.
in fisure 286 13 ahown a2 zreatly siaplified
diagsram of the oiygene-carbon olzcitrods z2nd t

a% low and high

diagram above shows

an idealizad view of the electrode syaten; while
part 2 shows en enlarged wiew of s5ne pore witn the
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uras thie resietive and capaciiive componerts associeataed

withh the clectrods prececs occurring  at or near the
external surfnce of tne electrode. Ry and Cp are the
slectrical componcsts cesncletod with polarizatfiion

chenoniena in the pores of the servon and are of aupreciable

sigpnifizencs orly at high cuvrrent densities. R, 15 the

Le?)

resistonce of tie soiution contained in the pores ard
variee with the concentration and nsturo of thie aikeli.
at low current densities, the decay of
troece 1s slight and the polarizulicn 1s low. Under these
conditions B, and ©; function. Ag the current denaity

At

tho polurization at /A rises due to the
of R, lncrezses. At the same tims the slsctrolyrte hegline
ts penetrate into the pore P due tc eloctrocapliliary
setion and reoduced oxygen pressure and an apprecisble

current flows through [Bp and Hy.
=

£
PR em T " A AT Y e TN 1
providing R, arnid Wy ure ossentlally sgual. hen the

current is Interrupted. vhe capecity of C

through £; und Hy as well as R; and the ei'feci is o

maataln tha curront thrcugh I for « sheort perind of
time arver interruption. Since the polarizatlon i:
megasursd within 1 .iicorosec. arter interrupbion, this
condsansor aischargs will be insliudsd in this poierization

e L, o~ 2y F. . fom B B 2 RN C
$o bell:zwzs L izt e coacentration snd sciivation TOLATE =

)
R SR |
i
|

Ry veuppa

@ e L st o i e o e e om e

[ ]

o ,ﬁ_ oy U pen i i o



ouven

rmm'ﬂ:":"mpw BT L R L aiatlatis Al biatel 3 WA TP %o EROMPPEPTTITH MRS & 50 Meagnt 955 ot o,

L

N i

]

ey

RSy

2
it

# __m'g.ml b L

Al

- LU

3 '
Loc i
. A [ ———
- 4
- -2t
e A R R S R S < S e R~ S (A e e
—— — - - R ~—-..—_-_.—~7;
[ S } R & $ H S
e H =

(AN ]

I
:
:
\

cation wili shiow relagively smulil increment:s with

incresasing currert denciiy ahove 1il0 ma‘/cm.g, aiG

€
hence, the iimesr scotlicns of the poluriiaticrn curves

will be due to the IF deon mentioned abovea. ZSince the
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2lthoash the cathode trace may decay «onsiderably due
to the #ffact just rnontloned above.

Tre relative flzattening of the decay tracs ol the
cathode whien has been chuecvad with Lhie cetalyavd caruon

Jos compured Lo Lo nons=catalyzed ones may be

expleined by this effect us foliows, Thc extra literated
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eoairogiticn of peroxice de-

¢ asan ina oslorizetion associated with thz external

surfice srd the resictones ity dectoilses. As a
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The terpsrature cosffisient of 0.5 mv.,/°C, menticaza
aaviiar. 1 not a true activation rolerizaiion coefflcient
Guo to the temperature depasndence of other {ynas of
noiariszation. In addition, the resistivity effect is also
dogreased v the incrsassd conductivity of ths 2lactralyis
caused LY vhe tomperature increase.
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p. Trapsfor =7 rotong. -—it is nossibls thet the
tronsfer of o proten fron 2 hydruved ivn 30 775 2 §Lter
molieculs 1is581f 2culd e the siow proucsis caunsing the
uctivation polarization. Tuc transier of ¢ jwoton from R
waier meleculs involves aboui 6 te 10 xeal. of enerpy.

The sbsitraction of a protus 1'ram a hydiabsd 1on reguizss

less than this amouni. Tha 2ese with whizh e proton is

removed from e hydrutcd positive 1on 1s dependent on the

charpe = the ion, the radius of the ion, and

el water molscuies in the Lydrav=¢ aimosphers. The
diff whlch have beer ahaarved

between LiOH, MN:.OM  :=nd KOE arc ¢uite small. (CHy), NOH

~at

than the alkeli metal hydroxides fn fva LAmE CUORCeIie

trations of

energy ©f if

the positive

c. Dbesorption ol tue zorexide complex. --The

rete at which tus perhydroxlde complex desorps from wf
suvrfuace 1s dependent ¢n the 8tariiii;y of ihe alscrbed
hydration of Lhe conpiex, the concsnt.oebicn of alaall
In 40 wiadnlty oFf $he =ite, and ths ¢
The rase of desorntion of thw zonplex is orobkably

aynrnantli iy asroportingal o the poisvizatioca.
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